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  vi 
S U M M A R Y  
 
 
Polycyclic aromatic hydrocarbons (PAHs) have received considerable attention in scientific 
communities during the past few decades because of their ubiquitous presences and carcinogenic 
properties. PAHs are formed mainly by thermal decomposition of organic compounds consisting 
of hydrogen and carbon. PAHs are introduced into the environment by natural and anthropogenic 
sources. Natural sources (e.g. forest fires and volcanoes) are minor contributors in comparison to 
the anthropogenic sources (e.g. emissions from vehicles, power plants, incinerators, petroleum 
refineries). In order to fully comprehend the occurrence and distribution of PAHs in Singapore’s 
water systems, the composition of PAHs in rainwater and stormwater were studied in detail. 
While wet deposition is a main route by which PAHs are removed from the atmosphere, urban 
runoff is a main pathway by which PAHs are transferred from the geosphere to the hydrosphere.  
 
The PAHs concentration in Singapore’s rainwater was investigated under a variety of atmospheric 
conditions from July 2005 to January 2006, whereas stormwater samples were collected during 
October 2005 to March 2006. Altogether, 40 rain events and 55 storm events were sampled and 
characterized at the Atmosphere Research Station, NUS, and at the boundary shoulder of Ayer 
Rajah Expressway (AYE), respectively. In order to assess the occurrence and distribution of 
PAHs in environmental matrices, an organic extraction method, solid phase micro-extraction 
(SPME), was optimized based on five parameters: extraction time, temperature, salt concentration, 
pH and stirring speed. The optimized SPME method was found to extract PAHs efficiently from 
rainwater and stormwater dissolved-phase. Particulate-bound PAHs were analyzed using 
microwave assisted extraction (MAE) system, while the chemical analysis utilized gas 
chromatography coupled with mass spectrometry (GC-MS). The PAHs observed in this study 
were the 16 priority compounds listed by USEPA (1992): naphthalene (Nap), acenaphthylene 
(Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (PA), anthracene (Ant), fluoranthene 
(Flt), pyrene (Pyr), benz[a]anthracene (BaA), chrysene (Cry), benzo[b]fluoranthene (BbF), 
  vii 
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DBA), indeno[1,2,3-
c,d]pyrene (IND) and benzo[g,h,i]perylene (BghiP) 
 
The total PAHs concentrations in the dissolved and particulate phase of rainwater were 2,408 ± 
899 and 1,847 ± 414 ng/l, respectively. Similarly, the concentrations of PAHs in dissolved and 
particulate phases of stormwater were 1,143 ± 498 ng/l and 8,164 ± 3,063 ng/l, respectively. The 
concentration and composition of PAHs in Singapore’s rainwater and stormwater were compared 
to those reported for other countries in Europe and North America. The dissolved phase of 
rainwater and stormwater were dominated by low molecular weight (LMW) PAHs, particularly 
Nap, whereas the particulate phase in both matrices had relatively equal abundance of LMW and 
high molecular weight (HMW) PAHs. The level of PAHs in the particulate phase was higher than 
of the dissolved phase in stormwater. On the other hand, higher level of PAHs was found in the 
dissolved phase of rainwater compared to those in the particulate phase. A temporal variation in 
the concentration of PAHs was found in the rainwater, which exhibited a peak concentration 
during the beginning of rain season in October. This trend could be due to stronger emissions of 
PAHs from their corresponding sources in conjunction with the prevailing weather conditions 
including the intensity of rainfall.  A comprehensive statistical analysis of the concentrations data 
indicated that the PAHs measured in Singapore rainwater and stormwater originated from 
anthropogenic sources, particularly from local traffic related activities.  
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Polycyclic aromatic hydrocarbons (PAHs) have been of significant environmental concern 
over the past years due to their ubiquitous presence. They can be found in air, water, soil, 
sediment, and even in human fluid (blood and urine) (Kiss et al., 1996; Marczynski et al., 
2006). PAHs are organic compounds that comprise two or more fused aromatic rings of 
carbon and hydrogen atoms. 
 
PAHs are present in trace levels in environmental matrices. Nonetheless, their significance 
cannot be neglected, as they show high teratogenic, mutagenic, and carcinogenic properties 
even in trace level concentrations (IARC, 1991). Consequently, PAHs are listed as priority 
pollutants by USEPA (1992) and World Health Organization drinking-water criteria (Boom 
and Marsalek, 1988). The threshold limit of total PAHs concentration in drinking water is 
around 200 ng/l as per European Union Standards (EEC, 1980). Out of over 500 PAHs, 16 
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PAHs are set by the USEPA as priority pollutants in drinking water due to their frequency of 
occurrence, toxicity, etc (USEPA, 1992). Therefore, it is critically important to monitor and 
assess the occurrence and distribution of PAHs in environmental matrices to understand their 
impact on the environment and health system. 
 
PAHs are mainly derived from combustion processes and released into the atmosphere as 
airborne particles and gases (Sharma et al,. 1994). However, some of them are ultimately 
removed from the air through dry and wet deposition. In wet deposition, PAHs are washed 
out from the atmosphere through rain droplets, snow, or hail. The importance of wet 
deposition in transporting PAHs was studied by Poster and Baker (1996), who reported a 100-
fold higher PAHs concentrations in the filtrate of rainwater than those predicted based on 
Henry’s law and ambient gaseous concentrations. This finding underlines the importance of 
rainwater in transporting and distributing PAHs in the other compartments of the environment.  
 
Once PAHs are deposited on the urban landscape by wet or dry deposition, the migration of 
PAHs occurs by urban runoff, which is formed when precipitation flows over the ground 
surfaces. Urban runoff tends to accumulate and retain PAHs that settle on impervious surfaces. 
As PAHs are transported by runoff, they are distributed and partitioned in trace level 
concentrations in the dissolved and particulate phases. Urban runoff itself could have much 
higher PAHs concentrations than surface water, and the former was reported to have 
concentrations upto 130 µg/L for fluoranthene (Pitt et al., 1993). This is particularly the case 
for roadways runoff, which is reported to be highly contaminated by vehicle emissions 
(Johnson, 1988; Baek et al., 1991; Yang et al., 1991). The traffic emissions can contribute up 
to 21-25% of the total PAHs released to the atmosphere (Peter et al., 1981; Ramdahl et al., 
1982). 
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1.2  Motivation of the study 
Most of the studies on the occurrence and distribution of PAHs in the environment were 
carried out in Europe and North America (Pitt et al., 1993; Manoli et al., 2000; Baek et al., 
1991; Johnson, 1988; Yang et al., 1991; Olivella, 2006; Hart et al., 1993; Pankow et al., 1993, 
Motelay-Massei et al., 2003). However, extensive field work investigations on the fate and 
transport of PAHs in natural waters have not been made yet in Asia. This study attempts to 
make important contributions to fill the existing knowledge gap by characterizing PAHs in 
rainwater and stormwater in Singapore, which experiences copious rainfall in a year  
 
The location chosen for this study is an urban area within Singapore. Singapore is a tropical 
country with average temperature greater than 18° C (64.4° F) and relative humidity 
approximately 84% (NEA, 2005). These meteorological parameters can affect the fate and 
distribution of PAHs significantly in the environment. It is important to study the influence of 
Singapore’s human activities and tropical climate on the levels of PAHs in rainwater, which 
can contribute directly to the PAHs level in the stormwater. This information is especially 
crucial, considering that rainwater and stormwater are potential water resources in Singapore 
where high levels of precipitation (ca. 2274 mm/year) are observed.  
 
 
1.3 Objectives and scope 
 
To assess the occurrence and distribution of PAHs in rainwater and stormwater, a suitable and 
sensitive extraction method is required. There have been numerous extraction methods 
developed over the years to assess PAHs concentration in environmental matrices. Among 
these methods, solid phase microextraction (SPME) has emerged as an innovative extraction 
technique devised by Janus Pawliszyn in late 1989 (Lord et al., 2000; Zhang et al., 1994; 
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Chen et al., 1995). SPME is a pre-concentration technology, which has many advantages. It is 
simple, practical, and solventless, but yet, is a sensitive technique for determination of trace 
contaminants, which are present at part per trillion (ppt) levels or below in environments. In 
addition to direct sample transfer from sample solution to separation analysis, SPME provides 
integration of multi-stages procedures (extraction, preconcentration, and purification) into a 
single step. Hence, SPME reduces the risk of analytes loss, which occurs commonly in 
traditional extraction methods like liquid-liquid extraction (LLE). Furthermore, the SPME 
method has been automated, making it suitable for routine analysis.   
 
The first part of this study aims to develop a robust SPME method to assess 16 PAHs in 
rainwater and stormwater. These PAHs were chosen based on their toxicity, potential for 
human exposure, frequency of occurrence and extent of information available. Moreover, 
these 16 PAHs have been identified as priority pollutants by US EPA (IARC, 1983). To the 
best of our knowledge, this is the first time SPME is employed to analyze PAHs in the 
stormwater matrix. The extraction method in conjunction  with gas chromatography- mass 
spectrometry (GC-MS) is used for the determination of PAHs in natural waters. The later part 
of the thesis aims to develop a full understanding of the occurrence and distribution of PAHs 
in rainwater and stormwater (highway runoff). Therefore, the overall objectives of this study 
could be segregated as follows: 
(1) To develop an efficient extraction method to assess PAHs distribution in rainwater 
and stormwater; 
(2) To determine PAHs distribution in rainwater and stormwater; 
(3) To estimate deposition flux of PAHs from the rainwater ;  
(4) To study temporal variation of PAH in water samples; 
(5) To estimate the level of carcinogenic PAHs in dissolved and particulate phase; 
(6) To investigate the sources of PAHs in the rainwater and stormwater samples using 
statistical methods and molecular ratios. 
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Figure 1.1 The structure of the study reported in the thesis 




1.4 Structure of the thesis 
The background information of PAHs, the motivation, the objectives and scope of the present 
study are presented first (Fig 1.1). Subsequently, the theories relevant to the occurrence, fate, 
transport of PAHs in the environment are presented in Chapter 2. The experimental details 
pertaining to the studies undertaken in the project are then provided in Chapter 3. The results 
obtained are discussed in Chapter 4 with particular emphasis on method development of 
SPME. Chapters 5 and 6 deal with the occurrence and distribution of PAHs in Singapore 
rainwater and stormwater and other relevant  information (e.g. carcinogenic level, seasonal 
variation, and source apportionment). The last chapter provides the conclusion drawn from 
the present study. 
 
Chapters 4, 5, and 6 provide the most significant results obtained from this research, which 
are divided into two parts. The first part of the thesis  deals with the development and 
validation of SPME method used in the present study. The development of SPME method 
was achieved by optimizing five parameters that have influence on PAHs adsorption onto the 
fibre: extraction temperature, stirring speed, pH, ionic strength, and adsorption time. The 
detailed experimental results of the method development are discussed in Chapter 4. 
 
The second part of the thesis focuses on the assessment of the occurrence and distribution of 
PAHs in the rainwater and urban runoff using the analytical method that has been developed 
in our laboratory. The samples used for assessment of PAHs in rainwater and urban runoff 
were obtained from an urban area in Singapore, which is possibly highly contaminated due to 
its location being close to an expressway, petroleum refineries, an incinerator, and a sea port. 
The data on PAHs in the rainwater and urban runoff were analyzed further to determine the 
level of carcinogenic compounds, the existence of temporal variation, and the possible 
sources of PAHs. The levels of PAHs in rainwater and urban runoff are discussed in detail in 





Chapters 5 and 6, respectively. The overall conclusions of the present study are presented in 
Chapter 7. 
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2.1. Introduction  
PAHs consist of a large group of compounds, and hundreds of individual substances. As 
PAHs are almost present as a mixture of compounds, theircomposition can be complex. Thus, 
only 16 individual compounds that are listed in EPA’s priority pollutant are selected for 
evaluation in this study.  These compounds are naphthalene (Nap), acenaphthylene (Acy), 
acenaphthene (Ace), fluorene (Flu), phenanthrene (PA), anthracene (Ant), fluoranthene (Flt), 
pyrene (Pyr), benz[a]anthracene (BaA), chrysene (Cry), benzo[b]fluoranthene (BbF), 
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DBA), 
indeno[1,2,3-c,d]pyrene (IND) and benzo[g,h,i]perylene (BghiP) (Fig 2.1).  
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Figure 2.1 The structure of 16 PAHs 
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PAHs are formed by thermal decomposition of organic matter containing carbon and 
hydrogen (Hites and Laflamme, 1977; Wakeham et al., 1980). Basically, there are two major 
mechanisms in the formation of PAHs: pyrolysis, or incomplete combustion and 
carbonization. In pyrolysis mechanisms, PAHs undergo intermolecular condensation and 
cyclization resulting in larger PAHs molecules (Bjorseth and Becher, 1986). 
 
PAHs are present in various matrices of the environment due to their emission from an array 
of sources such as coal combustion effluents, motor vehicle exhaust, tobacco smoke, gas, 
wood, garbage, charbroiled meat and used motor lubricating oil.  PAHs are also used to make 
dyes, plastics, pesticides, and medicinal products and are found in asphalt (EHC 202, 1998 
and reference therein). PAHs are not only ubiquitous, but also shown to have carcinogenic 
potential (IARC, 1983). Hence,, their presence in the environment cannot be neglected. 
 
The toxicity of PAHs has been studied as early as the 1930s. In general, PAHs have moderate 
to low acute toxicity, nonetheless 17 out of 33 studies reported that PAHs are carcinogenic 
(Catallo et al., 1995; Smith and Levy, 1990; Zhang et al., 1993). Among these compounds, 
BaP is considered as the most dangerous compound and has thus been studied widely.  BaP is 
widely distributed in the environment. Other than BaP, PAHs compounds that have been the 
subject of 12 or more studies are Ant, BaA, Cry, PA, Pyr, and DBA. 
 
Due to their carcinogenicity, PAHs have been regulated by several standards, such as WHO, 
European Union (EU), USEPA, and IARC. The maximum threshold limit of total PAHs in 
drinking water was set at 200 ng/l under EU standard (Table A.1), while the maximum 
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2.2. Physical and chemical properties 
 
The physicochemical properties of PAHs determine their transport and partitioning in the 
environment. The physicochemical properties of significance are their water solubility, 
vapour pressure, octanol-water partition coefficient (Kow), Henry’s law constant, and organic 
carbon partition coefficient (Koc). The Henry’s law constant of PAHs is the ratio of PAHs 
concentration in air to that in water at equilibrium and signifies the tendency of related PAHs 
to volatilize. The Koc of PAHs signifies their potential to attach to organic carbon in sediment, 
or soil, whereas the Kow denotes the amount of PAHs that are associated with lipid in 
comparison to their association with water molecules. The Kow values can be used to estimate 
the bioconcentration of PAHs in aquatic organisms.  
 
Some of these physicochemical properties, such as Koc and Kow values and Henry’s law 
constant, are heavily influenced by the molecular mass of PAHs, which in general is divided 
into two molecular mass group: low molecular weight compounds (LMW) and high 
molecular weight compounds (HMW). The LMW compounds are those with molecular mass 
in the range of 152-178 g/mol (Ace, Acy, Ant, Flu, PA), whereas HMW compounds are those 
with molecular mass in the range of 228-278 g/mol (BaA, BbF, BkF, BghiP, BaP, Cyr, DBA 
and BghiP. Some studies grouped Flt and Pyr (202 g/mol) into medium molecular weight 
compounds. However for all practical purposes most studies incorporate Flt and Pyr into 
HMW group and so does the present study.  
 
The Henry’s law constants of LMW PAHs are in the range of 10-3-10-5 atm-m3/mol signifying 
that LMW PAHs are associated with significant volatilization. The LMW PAHs in the 
atmosphere are found predominantly in the vapour phase (Baek et al., 1991; Jones et al., 
1992). On the other hand, the Henry’s law constants of HMW PAHs are in the range of 10-5-
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10-8 atm-m3/mol implying limited volatilization of the HMW PAHs from water (Lyman et al. 
1982).  
 
The Koc values of the LMW PAHs are in the range of 10-3-10-4, whereas those of the HMW 
PAHs are in the range of 10-4-10-6. Compounds with values ranging from 10-3-10-4 are 
adsorbed moderately to organic carbon in sediment and soil, while compounds with values 
less than 10-4 are associated with significant adsorption to organic carbon (Southworth, 1979). 
Consequently, the HMW PAHs are found predominantly in the particulate phase (Baek et al., 
1991). For instance, BaP was reported to partition mainly to soil (82%) and sediment (17%) 
compared to its partitioning into water (≈1%) and air (<1%) due to its low vapour pressure 
and high Kow (Hattemer-Frey and Travis, 1991). Moreover, Eisler (1987) reported that in 
aquatic systems, two-thirds of PAHs are associated with particles, while the remaining one-
third is in the dissolved-phase.  
 
Therefore, PAHs in the aqueous samples are present in both dissolved and particulate phases, 
with LWM PAHs are found dominantly in the dissolved phase and HMW PAHs in the 
particulate phase. Consequently, both particle- and dissolved-phase of aqueous samples must 
be analyzed to avoid underestimation of PAHs levels and provide reliable characterization of 
total PAHs in aqueous samples. 
2.3. Environmental Fate of PAHs 
In general, PAHs are released mainly into the atmosphere. In the atmosphere, PAHs are 
subject to short- and long-range transport depending on their phases and the size of 
particulates they are associated to. From the atmosphere, PAHs are removed by dry and wet 
deposition onto water, soil, and vegetation, where they can undergo volatilization, photolysis, 
oxidation, biodegradation, adsorption onto particles or sediments, or accumulation in aquatic 
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organisms (with bioconcentration factors commonly ranging from 10 to 10,000).   In this 
section, the environmental fate of PAHs in the atmosphere and hydrosphere are covered.   
2.3.1. PAHs in the atmosphere  
Urban areas are the most affected region in terms of the atmospheric contamination by PAHs. 
Average concentrations of individual PAHs in ambient air were reported to be in the range of 
1-30 ng/m3 in various urban areas. A concentration range of 1-50 ng/m3 was reported in road 
tunnels, while a concentration of 20 ng/m3 was measured in a subway station. Industrial 
activities contribute PAHs concentrations up to 1-10 ng/m3 to the surrounding air, with PA 
concentration being 310 ng/m3. A concentration upto 200 ng/m3 of individual PAHs was 
reported in urban areas with heavy usage of motor vehicle traffic and extensive consumption 
of biomass fuel (e.g. Calcutta) (Chakraborti et al., 1988). On the other hand, relatively low 
levels of PAHs concentrations, ranging from 0.004 to 0.03 ng/m3 were observed for the 
background values of ambient air in an area 1100 m apart from motor vehicle traffic source. 
Similarly, the main source of atmospheric PAHs in Singapore is diesel exhaust particles, 
which contribute approximately to 50% of PM2.5 emissions (NEA, 2005). 
 
In the atmosphere, the fate and transformation of PAHs are determined by meteorological 
factors as reported by various research groups (Manoli et al., 2000; Olivella, 2005; Hart et al., 
1993; Pankow et al., 1993, Motelay-Massei et al., 2003). Hart et al. (1993) reported that the 
temperature determines equilibrium processes of gas scavenging and gas/particulate 
partitioning in the atmosphere, which in turn can affect the efficiency of PAHs washout from 
the atmosphere by wet and bulk deposition (Motelay-Massei et al., 2003). Similar findings 
were reported earlier by Kiss et al. (1998) who observed that the decrease of ambient 
temperatures would result in the increase of level of PAHs associating with aerosol particles.  
On the other hand, an increase in relative humidity would decrease gas/particles coefficient 
and thus decrease PAHs sorption onto particulates (Pankow et al., 1993). 
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The effect of meteorological parameters on PAHs distribution in the environment is 
particularly obvious in countries with 4-seasons and has been reported in numerous studies 
(Gordon, 1976; Lahmann et al., 1984; Greenberg et al., 1985; Chakraborti et al., 1988; 
Catoggio et al., 1989). PAHs concentrations are reported to be higher in winter than those 
measured in other seasons by a minimum of one order in magnitude (Manoli et al., 2000; 
Ollivon et al., 2002 and Guidotti et al., 2000). This seasonal variation is due to poor 
dispersion and lower solar radiation, which result in less photolytic loss during winter season, 
in addition to intensive PAHs release from the residential heating (Grosjean, 1983).  
 
The residence time of atmospheric PAHs depends on the size of the particles that PAHs are 
associated to and on meteorological parameters that determine rates of dry and wet deposition. 
Limited atmospheric residence times are applied to coarse particles and ultrafine particles 
with aerodynamic diameter >3-5 µm and <0.1 µm, respectively. The coarse particles are 
removed by dry and wet deposition; similarly, the ultrafine particles would coagulate with 
other nuclei or larger particles prior to the removal process by wet and dry deposition. 
However, most of the particulate PAHs (90-95%) are associated with particle diameter in the 
range of 0.4-3.3 µm, which result in less effective wet deposition and slower dry deposition 
(Baek et al., 1991) Thus, atmospheric PAHs tend to be accumulated in the atmosphere for a 
few days, or longer prior to removal processes. 
2.3.2. PAHs in the hydrosphere  
There are four mechanisms that can account for PAHs removal from the atmosphere, which 
are (i) gravitational settling, (ii) precipitation, (iii) impaction, and (iv) washout (Rubin, 1976). 
Precipitation can be in the form of rain and snow, and is caused by the rainout process where 
atmospheric particulates are accumulated in the cloud-forming process. The washout of 
particulates takes place below the clouds during the precipitation events. As a result, re-
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entrained particles in urban areas are readily redeposited through precipitation, or washout 
mechanisms. For example, emissions from motor vehicle exhaust that are emitted into the 
atmosphere are transferred into water as a result of rainfall (Grob and Grob, 1974; Van Noort 
and Wondergem, 1985a, b; Kawamura & Kaplan, 1986).  Due to these washout mechanisms, 
precipitation could be more contaminated by PAHs than surface water (Van Noort and 
Wondergem, 1985a, b). This study observed that PAHs concentrations in all precipitation 
samples were higher in comparison to those in surface water samples, with constant 
occurrence of Flt, BbF, Pyr, IND, PA, and Nap > 100 ng/l. The maximum concentration was 
observed in samples taken from Leidschendam, the Netherlands. The individual PAHs with 
maximum concentration were Pyr  (< 2000 ng/l), Flt (< 1700 ng/l) and BaP and BbF (<390 
ng/l) (Van Noort and Wondergem, 1985b). Thus, precipitation is an important pathway of 
PAHs in the environment, especially in Singapore where precipitation occurs throughout the 
year with monthly intensity higher than 150 mm (NEA, 2005).  
 
Precipitation can have high concentration of PAHs, and thus act as a main contributor to 
PAHs in the surface water (Santodonato et al., 1981; Jensen, 1984; Moore and Ramamoorthy, 
1984; Manoli and Samara, 1999). Jensen (1984) reported that BaP loading in a marine coastal 
area originated predominantly from atmospheric deposition, with minimum contribution from 
urban runoff, rivers, municipal wastewater, and refinery effluents.  
 
The contribution of PAHs in any water system could thus vary (site-specific). For instance, 
Hoffman et al. (1984) have reported that urban runoff was the main contributor to local water 
bodies, with atmospheric fallout and asphalt abrasion that contributed small and large 
particles, respectively. Several studies also suggested that urban runoff could act as a major 
source of PAHs to the coastal environment (Hoffman et al., 1984, 1985; Barrick and Prahl, 
1987). In the United States, urban runoff was the second most frequent source of PAHs that 
contaminate the surface water (Walker et al., 1999). The concentrations of PAHs in urban 
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runoff are generally much higher than those of surface water (ASTDR, 1995). Nationwide 
Urban Runoff Program (NURP) reported concentrations of PAHs in the range of 300-10,000 
ng/l, with the average concentrations of individual PAHs being mostly above 1,000 ng/l (Cole 
et al., 1984). Furthermore, Pitt et al. (1993) reported elevated concentration of Flt, which was 
130 µg/l in urban runoff samples of Birmingham, Alabama. 
 
Runoff waters are formed when rain or melting snow washes the ground surfaces (Levsen et 
al., 1991). In general, ground surfaces can be grouped into impervious and pervious surfaces. 
Impervious surfaces enlarge the quantity of runoff as well as increase the level of PAHs in the 
urban runoff, which would dissipate once they attenuate on pervious surfaces (Sharma et al., 
1994). The examples of impervious surfaces are paved parking lots, streets, driveways, roofs, 
and sidewalks. Among the types of impervious surfaces, runoff from highway areas has been 
reported in various studies (Bomboi and Hernandez, 1991; Hewitt and Rashed, 1992). This 
concern might due to the runoff loading of highway areas in contributing PAHs to adjacent 
water bodies. A case study in the US river indicates that over 50% of the total PAHs in the 
river originated from a highway runoff. The runoff-loading factor per vehicle was as high as 
24 mg/kg (Hoffman et al., 1985). However, the relative contribution of urban runoff to 
adjacent water bodies is site-specific, and dependent heavily on the magnitudes of the wet and 
dry deposition as well as sources of PAHs in the urban runoff (EHC 202, 1998).  
 
2.4. Sources of PAHs  
Only few studies have reported on the processing and production of PAHs which might  
generate PAHs only in small amounts. Generally, the PAHs found are used as intermediates 
in the production of plasticizers and polyvinylchloride (naphthalene), dyes (anthracene, 
fluoranthene), pesticides (phenanthrene) and pigments (acenaphthene, pyrene). Nonetheless, 
industrial and human activities, which incorporate incomplete combustion of organic 
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materials in their processes, are likely to contribute the largest PAHs emissions. The activities 
that act as the most important sources of PAHs includes coal coking, production of aluminum, 
iron and steel, forest fires, coal-fired power plants, domestic and residential heating, motor 
vehicle traffic, and incineration of refuse (USEPA, 1998). Some of these sources were 
investigated in the present study. The process of PAHs formation and the resulting level of 
PAHs emissions from related sources are also presented.    
2.4.1. Domestic and residential heating  
Major PAHs emitted from residential heating are Phenanthrene (PA), fluoranthene (Flt), 
pyrene (Pyr), and chrysene (Cyr). Wood stoves emissions are 25-1000 times higher than 
charcoal-fired stoves; wood burning could predominate as the main source of airborne PAHs 
in areas where domestic heating utilize the related material especially in winter. In developing 
countries, biomass burnt from simple stoves could be the main culprit of PAHs contamination.  
2.4.2. Municipal waste incinerator  
Municipal waste incinerators (MWCs) are used to burn garbage and nonhazardous solid 
wastes. Although the level of PAHs in the products of incineration is less than 1% of the total 
organic carbon in the incineration products, the combustion process converts some of the non-
PAHs carbonaceous material into PAHs (WHO, 1988). The PAH compound detected was 
only Nap based on Integrated Waste Services Association (IWSA) data, whereas the other 15 
PAHs were not detected in all samples at any facility. However, the emissions of PAHs from 
incinerator are likely to be subject to great variability in comparison to other large-scale 
stationary combustion processes (Howsam and Jones, 1998). This great variability is due to 
several factors such as fuel composition of the incineration products (e.g calorific value, 
percentage of organic matter) and different emissions produced in each operating processes 
(Clomsjö et al., 1986). 
Chapter 2 
- Literature Review - 
18 
2.4.3. Petroleum refineries 
Petroleum refineries treat and upgrade petroleum products such as crude oil, into gasoline, 
diesel fuel, and jet fuel. The emissions of PAHs from petroleum refineries can originate from 
naturally occurring aromatics in crude oil and from the conversion processes of oil, which 
comprise catalytic cracking (fluidized-bed and moving-bed), thermal processes (coking, and 
visbreaking), alkylation, polymerization, isomerization, and reforming (USEPA, 1998). Each 
conversion process generated different dominant PAHs. Nap is found predominantly from 
thermal coking process, vent process on recovery of sulfur and blowdown systems process 
(Maysilles, 1993), while the combination of Pyr, PA, Flt, BghiP, and BaP was dominant in 
catalytic cracking unit (Hangebrauck et al., 1967).    
2.4.4. Open burning 
Activities that are included in open burning are wildfires, burning of landscaping refuse, 
prescribed burning (e.g. agricultural burning, burning related to forest management), and coal 
refuse burning. PAHs emissions from open burning vary greatly depending on user or 
practices of open burning and on natural conditions. 
In agricultural burning, PAHs are released due to poor mixing between the ambient air and 
the fuel (agricultural residue) and thus creates pyrolytic (oxygen deficient) conditions. This 
leads to lower temperature and subsequent reduced efficiency of combustion, which result in 
higher PAHs emission. Moreover, in agricultural burning the resulting combustion gases are 
effectively quenched by surrounding ambient air, which consequently enhances incomplete 
combustion and PAHs release. PAHs from agricultural burning are in the form of gaseous 
phase, or liquid aerosol condensed on particulate matter (Chi and Zanders, 1977; Kelly, 1983).   
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2.4.5. Traffic related activities 
Motor vehicle traffic has been reported as the most important mobile sources of PAHs 
emissions (Baek et al., 1991; Johnson, 1988; Yang et al., 1991). Vehicular emissions can 
contribute from 22-35% of the total PAHs in the atmosphere and often are the major source of 
PAHs in the atmosphere of urban and suburban areas (Ramdahl et al., 1982; NRC, 1983; 
Baek et al., 1991). Other than their emission to surrounding ambient air, automobile use was 
also indicated as main contributor of vast majority of contamination in stormwater and road 
dust (Verschueren, 1983; Pitt et al., 1993). The road dust can be contaminated by vehicle 
exhaust, vehicle fluid drips, and spills (e.g. gasoline, oils), vehicle wear and asphalt wear 
(Shaheen, 1975). Consequently, the runoff from highway and roads is reported frequently as 
the major contributors of PAHs in specific bodies of water (Santodonato et al., 1981).  
 
The total concentrations of PAHs reported for tire wear particles, paved road, and brake lining 
particles were 226.1 µg/kg, 58.7 µg/kg, and 16.2 µg/kg, while the dominant individual PAHs 
for respective sources were Pyr (54.1 µg/g), Pyr (9.4 µg/g), and BghiP (2.6 µg/g) (Rogge et 
al., 1993a). Moderate concentrations of BaP were observed in these media (3.9, 2.3, and 0.74 
µg/g, respectively). However, high concentration of PAHs emissions was released from tire 
pyrolysis oil, which may be used as oil. The concentration of PAHs was in the range of 
14,540 (ppm) µg/g to over 100,000 µg/g, with BaP concentration in the range of 10 to 600 
µg/g (Williams and Taylor, 1993).  
 
Vehicle engine exhaust releases PAHs in vapour and particulate phases according to the 
vapour pressures of PAHs emitted. These PAHs are emitted as the result of incomplete 
combustion and from leakage of fuel or fuel additives. Two to four rings PAHs, such as Nap, 
are observed mainly in the vapour or gas phase, whereas five or higher rings PAHs are found 
mostly on particles with diameter less than 1 µm (Pederson et al., 1980). PAHs in vapour 
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phase tend to condense on carbon nuclei and on other particles in the exhaust that are emitted 
from incomplete combustion.  
 
The degree of PAHs emissions from vehicle exhausts depends on various factors, such as 
composition of fuel and lubricating oil, operating conditions and engine type (Baek et al., 
1991). Flt and Pyr are the main compounds generated from petrol-fuelled vehicles, whereas 
Nap and Ace are generated from the exhaust of diesel-fuelled vehicles. The catalytic 
converter device could dramatically reduce PAHs emissions from vehicle engines. Without a 
catalytic converter, BaP emission can be generated to 50 µg/km travelled; in contrast, with a 
converter it can be reduced to a range of 0.05-0.3 µg/km. 
 
2.5. Source apportionment 
2.5.1. LMW/HMW relative proportion 
 
A method used to asses PAHs signature is based on PAHs composition given from a certain 
source (Gonzalez et al., 2000; McCready et al., 2000). The chemical composition, instead of 
concentration of PAHs, is used to identify the source as the PAHs concentrations vary greatly 
for a given source. On the other hand, PAHs composition is more reliable for source 
apportionment since it would exhibit specific PAHs composition for a given source (Kendall 
et al., 2001). Thus, comparing PAHs compositions of an unknown sample with several PAHs 
compositions from literature would give information on the likely source(s) of PAHs in the 
samples, based on similarities of both PAHs compositions.  
 
Based on their molecular weight, PAHs compositions are grouped into two categories, the 
lighter molecular weight (LMW) and the heavier molecular weight (HMW). The LMW 
comprises of PAHs with 2- to 3- ringed PAHs, while the HMW comprises the 4- to 6-ringed 
PAHs (Soclo et al., 2000; Rocher et al., 2004, Brown et al., 2006). In spite of its 
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oversimplification, this categorization is widely used for source identification, as it is practical 
and easily explicable as LMW and HMW have almost contradicting physical and chemical 
characteristics (e.g. solubility, hydrophobicity, etc ).  
 
In most events, PAHs generated from a given sources could be categorized as either LMW or 
HMW. Coal-fired power plants were reported to generate mainly (69-92%) of LMW 
compounds (Warman, 1984; Bonfanti et al., 1988). LMW PAHs are also produced from 
petroleum refineries emissions, particularly in 2-ringed compounds such as Nap (85%), and 
combination of 2- and 3- ringed compound (94%), whereas HMW PAHs contributed to less 
than 1% (IARC, 1989). On the other hand, HMW PAHs are enriched in particles from 
combustion source in atmospheric dust (Soclo et al., 2000; Rocher et al., 2004), in the effluent 
of coal coking plant (Walter and Luthy, 1984). Thus each source would give a unique ratio of 
LMW to HMW PAHs.  
 
Soclo et al. (2000) suggested LMW/HMW PAHs ratio <1 as markers of pyrogenic sources 
and >1 as petrogenic sources (e.g. fuel oil, light refined petroleum products). Some sources 
have a mixture characteristic of petrogenic and pyrogenic. Among them, used crankcase oil 
has been shown to be imprinted with pyrogenic marker when it is contaminated with the 
exhaust gases in the engine cylinders (Takada et al., 1991; Wang et al., 2000). Brandt and De 
Groot (2001) also reported that asphalt signature shows a mixture of petrogenic and pyrogenic 
sources.  
 
Nonetheless, careful precaution should be taken into comparing a known chemical 
composition from the literature. There have been numerous literature studies available on 
PAHs composition from particulate phase such as aerosol or road dust (Takada et al., 1991; 
Soclo et al, 2000; Rocher et al., 2004). In contrast, only a few studies reported in the literature 
on PAHs composition in the dissolved phase.  
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2.5.2. Ratio of isomer concentration 
Another method to verify sources of combustion-derived PAHs is to observe relative 
predominance of PAHs compounds (Blumer, 1976; Simoneit, 1985; Lipiatou and Saliot, 
1991; Yunker et al., 1999; Budzinski et al., 1997). The ratios are obtained from the parent 
PAHs which have an identical mass number. The identical mass number signifies identical 
partitioning in the environmental matrices since compounds with the same mass number have 
similar chemical properties such as solubility, hiyrophobicity, etc. Accordingly, their 
concentration ratios were constant regardless of the type of the environmental matrices they 
partition to. Thus, the same ratio can be used to reconcile the source of PAHs in air, water, 
and soil (Readman et al., 1987; McVeety and Hites, 1988). In addition, Simcik et al. (1999) 
reported that atmospheric PAHs in gas phase and in dissolved phase gave similar signatures. 
Mass 276 and 202 isomers are reported to have the most reliable ratios for source 
identification since they have higher relative heat of formation (Hf), which indicates high 
stability compared to masses 278 and 228 (Yunker et al., 2002). The detailed classification of 
each mass can be explained as follows: 
2.5.2.1. Ant/Ant + PA ratio (mass 178) 
Anthracene and phenanthrene (expand PA), the two PAH compounds with molecular mass 
178, have been used to distinguish sources from combustion and petroleum (Gschwend and 
Hites, 1981; Sicre et al., 1987; Budzinski et al., 1997; Soclo et al., 2000). A ratio of Ant to 
sum of Ant and PA (Ant/Ant + PA) lower than 0.10 is said to be indicative of petroleum, 
whereas the ratio above 0.1 reflects the domination of combustion (Budzinski et al., 1997). 
Baumard et al. (1998) suggested that the ratio of PA to Ant below 10 accompanied by the 
Flt/Pyr ratio equal to 1 is likely to imply pyrogenic source. Likewise, PA/Ant ratio above 15 
and Flt/Pyr significantly less than 1 denote the petrogenic source. 
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2.5.2.2. Flt/Flt + Pyr ratio (mass 202) 
Similar to Ant/Ant + PA ratio (mass 178), Flt/Flt + Pyr (mass 202) is also commonly applied 
to identify PAHs source between petroleum and combustion (Gschwend and Hites, 1981; 
Sicre et al., 1987; Budzinski et al., 1997; Soclo et al., 2000). Several studies have been done 
to establish the ratio classification of mass 202. A ratio of Flt/202 equal to 0.5 signifies a 
transition between petrogenic and combustion source (Budzinski et al., 1997), whereas ratios 
below 0.4 signify the dominance of petroleum source, ratios between 0.4 and 0.5 indicate 
combustion of liquid fossil fuel, such as vehicle and crude oil, and ratios above 0.5 signify 
creosote wood, combustion of kerosene, grass, coal, and wood (Yunker et al., 2002).  
 
Although the mass 202 isomers are suggested to be the best indicators of petroleum and 
combustion source, their ratio in vapour and particulate phase could be different for diesel and 
cured-oil, which thus requires extra caution (Benner et al., 1990; Schauer et al., 1999; 
Westerholm et al., 2001). In addition, the unburned portion of diesel would depress Flt 
fraction in exhaust samples (Sjogren et al., 1996; Schauer et al., 1999; Wang et al., 1999). 
Together with mass 252, the dominance of mass 202 is also believed to indicate pyrolytic 
source amonganthropogenic activities (Li and Kamens, 1993; Khalili et al., 1995; Gogou et 
al., 1996). 
2.5.2.3. BaA/BaA + Pyr ratio (mass 228) 
In contrast to Ant/Ant + PA and Flt/Flt + Pyr ratios, BaA/BaA + Cyr ratio is less frequently 
used as a source indicator. Only a few BaA/BaA + Cyr ratios have been established as 
guidelines of source identification (Sicre et al., 1987; Gogou et al., 1996; Yunker et al., 1996, 
1999). An explanation is proposed based on the fact that the BaA degradation rate is relatively 
faster compared to its isomer, or other parent PAHs (Kamens et al., 1986, 1988; Masclet et al., 
1986; Behymer and Hites, 1988). Hence, for a given distance or altitude, BaA would 
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experience more loss, which consequently reduces the accuracy of mass 228 ratios. Another 
explanation offered was that some anthropogenic activities seem to generate several 
individual PAHs more favorably, for instance, BaA was generated as a prominent compound 
during fossil fuel combustion. As a result, the interpretation of mass 228 ratios may not be as 
definite as the interpretation of lighter mass ratios. However, BaA/228 ratio might be the most 
suitable indicator for vehicle emissions (Yunker et al., 2002). 
 
It was reported that higher mass PAHs are of inferior fraction to lighter mass in refined 
petroleum products (Williams et al., 1986; Wang et al., 1999), but are dominant in asphalt 
(Wakeham et al., 1980a; Readman et al., 1987) and likely in bitumen or coal (Yunker et al., in 
press). Based on these facts, Yunker et al. (2002) concluded that only a minor proportion of 
mass 202 would be observed in combustion samples, and thus a ratio of less than 0.2 suitably 
indicates petroleum. Furthermore, due to their low proportion in combustion samples, mass 
202 ratios  are likely to have large variations in petroleum samples and could easily be altered 
by PAHs from other sources. A classification was also suggested as follows: below 2 signifies 
petroleum, 0.2-0.35 signify transition between petroleum and combustion, and above 0.35 
signify combustion (Yunker et al., 2002). 
 
Since BaP, BaA, and Ant are more prone to undergo photolysis compared to other parent 
compounds, their ratios against their isomers would give information about the occurrence of 
photolytic losses. The photolytic degradation rates for Ant and BaA were reported to be 
comparable (Masclet et al., 1986; Behymer and Hites, 1988), thus the photolytic losses can be 
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2.5.2.4. IND/IND + BghiP (mass 276) 
Similar to the BaA/BaA + Cyr ratio, IND/IND + BghiP ratio is not utilized as extensively as 
the lighter mass to identify PAHs sources due its indefinite segregation. Other than several 
reasons that have been explained previously, IND/IND + BghiP ratio does not have available 
alkyl PAHs homologous series to confirm the source identification (Yunker et al., 2002). 
However, Yunker et al. (2002) suggested that IND/IND + BghiP ratios, together with Flt/Flt + 
Pyr ratios, are a suitable tool to identify long- or short- range transport of the compounds, 
since IND/IND + BghiP ratio was reported to be least photo-oxidized, or transformed by other 
processes during atmospheric transport (Aceves and Grimalt, 1993). High Flt/Flt + Pyr ratio 
signifies long transport and elevated IND concentration implies short transport of PAHs. In 
addition, mass 276, together with mass 202, has higher energy differences between isomers 
and thus provides more definite source identification, particularly for combustion sources 
since both masses were reported to be influenced significantly by combustion processes. The 
Flt/Flt + Pyr ratio is influenced greatly by combustion from wood, grass, and coal, whereas 
IND/IND + BghiP ratio was influenced by fossil fuel combustion (Yunker et al., 2002). 
 
Although mass 276 contributes only a minor fraction to refined petroleum products (Williams 
et al., 1986; Wang et al., 1999), to wood smoke and aerosol (Jenkins et al., 1996; Fine et al., 
2001; Schauer et al., 2001), they are believed to constitute significant amounts of PAHs in 
samples of wood soot (Lee et al., 1977; Li and Kamens, 1993), in asphalt (Wakeham et al., 
1980a; Readman et al., 1987) and in bitumen or coal (Yunker et al., in press).  In addition, 
together with Flt and Pyr, BghiP and IND were reported to be produced excessively from 
petrol, whereas combination of Flt, Pyr, PA, and BbF were mainly generated from diesel 
(Kulkarini and Venkataraman, 2000; Miguel et al., 2001; Marr et al., 1999). The classification 
of mass 276 ratios has been proposed by numerous researchers (Sicre et al., 1987; Gogou et 
al., 1996; Lee et al., 1977; Li and Kamens, 1993; Jenkins et al., 1996; Fine et al., 2001; 
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Schauer et al., 2001 and Yunker et al., 2002). The proposed and modified classification for 
mass 276 was as follows: ratios below 0.20 likely signify petroleum; the range of 0.20 and 
0.50 signifies combustion of liquid fossil fuel (vehicle and crude oil); ratios above 0.50 
signify combustion of grass, wood and coal.  
 
Moreover, several studies have been done to interpret BaP/BghiP and IND/BghiP ratios in 
aerosol (Park et al., 2002), since BghiP is considered as marker of traffic related activities 
(Daisey et al., 1986). The BaP/BhiP ratio indicates traffic emission for ratio values above 0.6 
(Pandey et al., 1999), whereas values 1 and 0.4 for IND/BghiP indicate gasoline engines and 
diesel engines, respectively (Caricchia et al., 1999). 
2.5.2.5. Other Mass 
Not many studies have been done to establish the source identification of mass 252. Khalili et 
al. (1995) and Guo et al. (2003) indicated that the ratio of BaP/(BaP + Chr) was 0.49 and 0.73 
for diesel and gasoline engines, respectively. Nonetheless, as PAHs isomers ratios are suitable 
for samples dominated by a single source, other methods are needed to identify PAHs from 
mixed sources. This can be served by using PAHs profile approach.  
2.5.3. PAHs profiles 
Another approach to identify source of PAHs is by analyzing PAHs profiles (Takada 
et al., 1990; Gonzalez et al., 2000; McCready et al., 2000, Gigliotti et al., 2002).  The 
identification of PAHs sources is accomplished based on comparison of the PAHs 
profiles in the samples to PAHs profiles in literature (Wakeham et al., 1980a). Each 
source is likely to have a specific pattern that would differentiate a source from other 
sources. Several parent PAHs compounds are commonly prevalent from a given source and 
thus used as indicators to identify the source (Menichini, 1992). For instance, Ant, PA, Flt, 
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Pyr, BaA and Cyr abundance are interpreted as a marker of coal combustion, while 
combination of Ant, PA, BaP and BghiP for coke production and PA, Flt and Pyr identify 
incinerators. LMW PAHs were abundantly generated from low temperature pyrolytic 
processes (coal combustion) (Schneider et al., 2001; Mai et al., 2002) (Table 2.1).  
 
Table 2.1 Source profile for PAHs 
Dominant 
PAHs Sources Reference 
Acy Residential wood combustion Perwak et al., 1982 
BghiP, Pyr Auto emissions  Rogge et al., 1993a; 
Santodonato et al., 1981 
Flt, PA, Pyr Diesel exhaust particulates Kelly et al., 1993; Rogge et 
al., 1993a; Westerholm and 
Li, 1994 
PA, Ant Diesel exhaust vapour emissions Westerholm and Li, 1994 
Ace, Flu, PA Particle- and vapour-phase of diesel 
emissions 
Lowenthal et al., 1994 
PA Fly as and bottom ash from municipal 
refuse incinerator (US) 
Shane et al., 1990 
BghiP Fly ash samples from municipal solid waste 
incinerators (UK) 
Wild et al., 1992 
Flt, BaF, BghiP, 
IND, PA, Cyr 
Emission particle from a municipal waste 
incinerator 
Williams et al., 1994 
BghiP, BaA Emission particle from a municipal and 
medical/pathological waste incinerator  
Williams et al., 1994 
BaA, PA Emission particle from a rotary kiln 
incinerator charged with polyethylene (with 
afterburner) 
Williams et al., 1994 
Pyr, Flt, PA Emission particle from a rotary kiln 
incinerator charged with polyethylene 
(without afterburner) 
Williams et al., 1994 
PA, Pyr Coal tar pitch emissions Sawicki, 1962 
Cyr, Pyr, Flt PAHs found in fine particles emissions 
from natural gas home appliances 
Rogge et al., 1993b 
BaP Cigarette Hoffmann and Hoffmann, 
1993; IARC, 1983 
 
 
However, these markers not only signify a degree of similarity, but their profiles could also 
overlap between different categories of emission sources (Ravindra et al., 2006). Thus their 
utilization to identify PAHs source should be complemented with other identification methods 
such as ratio of isomer concentration.  
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2.6. Analytical techniques 
As PAHs comprise various compounds with each specific characteristic, careful consideration 
should be taken in selecting the sampling apparatus. As mentioned above, five- or more ring 
compounds are almost exclusively associated with suspended particulate matter, in contrast to 
lower molecular mass PAHs which are partially or totally exist in vapour phase (Coutant et al., 
1988).  
 
The major problem in attempting to assess PAHs in water is the presence of other 
contaminants besides PAHs in the environmental samples, which is generally present at trace 
level concentration. Another challenge is to specify the PAHs compounds in the sample as 
PAHs often present as a complex mixture of hundreds of compounds. Moreover, the presence 
of light and air contributes to the possibility of PAHs alteration, or oxidization in aqueous 
samples.  
 
A three-step procedure that is required to produce good quality of PAHs analysis and 
determination in environmental matrix is as follows: (a) extraction and isolation of PAHs 
from the sample matrix, (b) clean-up process in order to eliminate impurities from the PAHs 
mixture, followed by fractionation of PAHs into subgroups, and (c) identification and 
quantification of the individual PAHs. An analysis method that is commonly used to assess 
PAHs in aqueous samples is extraction using organic solvent. The organic solvent is utilized 
as a transfer medium from aqueous phase to chromatography analysis.  
 
As an understanding of extraction methods is required to obtain reliable data, a short 
description of different selected extraction methods is presented below: 
i. Pure Solvent Extraction is an extraction method with solvents by agitating or 
heating in a particular vessel; this method is considered to be the simplest and least 
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instrumentally demanding; however, it is time consuming and requires a large 
quantities of solvents; the extraction time needed could be up to 10 hours (Bodzek 
et al., 1995) thus permitting the degradation or decomposition of some PAHs 
(Lindhart et al., 1994)  
ii. Soxhlet Extraction is the development of ordinary soxhlet extraction; this method 
applies heated distilled solvent to pass the sample by a number of cycles; this 
method is efficient, but comparably slow and requires large quantities of solvent; a 
typical extraction time is 60 minutes for sample preparation and another 60 minutes 
of Soxhlet extraction (Lopes-Avila et al., 1992) 
iii. Ultrasonic Extraction applies acoustic vibrations with frequencies higher than 20 
kHz, which in turn generate cavitation in solvents; this method is fast, but hard to 
control and yields large extract volumes, nonetheless the operation cost is relatively 
moderate 
iv. Microwave Assisted Extraction (MAE) applies electromagnetic waves that have 
wavelength in the range of 1 mm to 1m; consequently it generates vibrations in the 
substances which result in heat; it is fast, controllable, and requires low solvent 
consumption; recoveries of selected PAHs were reported in the range of 65-85%, 
which is higher than recoveries by approved EPA-methods (Lopez-Avila et al., 
1994; Barnabas et al, 1995)  
v. Supercritical Fluid Extraction (SFE) applies pressure and temperature above the 
critical values; subsequently, the viscosity would decrease one to two orders of 
magnitude, whereas the diffusion coefficient would increase; this method is fast, 
controllable, can be automated, and requires low solvent consumption; however, it 
has high investment cost, and the collection efficiencies are complicated 
vi. Accelerated Solvent Extraction (ASE) applies solvent at high temperatures and 
pressures which are above the boiling point 
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vii. Solid Phase Extraction (SPE) is based on a principle of introducing a solvent and 
solutes into a column with packing material; the expected result is that the solutes 
will be retained by the packing material; it is fast, low cost and can be used as pre-
separation, however it can only be used for dissolved phase and poses a possible 
loss of PAHs from adsorption.  
viii. Solid Phase Microextraction (SPME) utilizes a fused silica coated with an 
absorbent polymer to absorpt the solutes from aqueous samples. It is probably the 
most widely used extraction method because it is simple, economical, and effective; 
it can incorporate three extraction procedures into single step. Furthermore, it can 
be automated and is sensitive.  
However, there are several parameters that need to be taken into consideration in optimizing 
SPME to be a reliable extraction method, such as temperature, ionic strength, desorption time, 
agitation speed, pH, and extraction time.  
 
The use of SPME for extraction of PAHs has been demonstrated for a variety of samples. 
SPME has been reported to successfully extract organic micropollutants of high interest, such 
as volatile organic compounds (VOCs), phenols, organochlorine, organophosporus, triazine, 
triahlomethanes, phthaltates, esters, PCBs, and PAHs. Moreover, its application in various 
environmental matrices has been examined. In aqueous samples, SPME has been applied in 
ultrapure water, ground water, and surface water, river water, wastewater, drinking water, and 
rainwater (Yu et al., 2005 and reference therein).  
 
Its low requirement of sample volume is particularly suitable for precipitation samples, which 
are usually available in limited amounts. Hence SPME is a suitable technique for the 
determination of the PAHs levels in rainwater and stormwater samples.  
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2.7. Summary 
PAHs comprise a large group of compounds formed by incomplete combustion of organic 
matter. They have been listed in several environmental and health standards (e.g WHO, EPA, 
IARC, EU) due to their carcinogenic and mutagenic properties. Moreover, PAHs are 
ubiquitous due to their array of sources. The environmental fate and transport of PAHs is 
mainly influenced by their physical and chemical properties such as water solubility, vapour 
pressure, KOW, K0C and Henry’s law constant. These physicochemical properties are 
correlated strongly with molecular mass of PAHs, which can be grouped into LMW and 
HMW compounds. LMW PAHs are found predominantly in dissolved phase of aquatic 
system due to their high water solubility. On the other hand, low solubility and high KOC 
values of HMW PAHs induce their adsorption towards particulate phase both in atmospheric 
and aquatic systems. Most of the studies done on aqueous samples only analyzed PAHs 
concentration in either dissolved or particulate phase, thus they are prone to underestimation 
of PAHs concentrations. This study aims at examining both phases thoroughly to obtain a 
deeper understanding of PAHs partitioning in the environmental samples.   
 
PAHs are mainly released into the atmosphere. The highest level of PAHs is observed in 
urban areas where heavy usage of motor vehicle traffic and fuel consumption is present. 
Concentrations as high as 200 ng/m3 were observed in Calcutta. Similarly, emission from 
diesel engines was reported to contribute 50% of PAHs emission in Singapore (NEA, 2005). 
Other than the source of PAHs, meteorological parameters have been suggested as the cause 
of seasonal variation of the level of PAHs. Concentration of PAHs in winter was higher than 
in summer, which could be accounted to less solar radiation and poor air dispersion. From the 
atmosphere, PAHs are transferred into the hydrosphere and geosphere by gravitational settling, 
impaction, precipitation and washout. Precipitation is an important pathway of PAHs in the 
environment since high concentration of PAHs is found in precipitation (300-10,000 ng/l). As 
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precipitation washes the ground surface, it turns into urban runoff. Road runoff is known as 
the major contributor to PAHs in larger water bodies as it receives PAHs emissions from 
vehicular exhaust and oil spills. Other important sources of PAHs into the environment are 
domestic and residential heating, municipal waste incinerator, petroleum refineries and open 
burning. To determine which source of PAHs that contributes to a given samples, there are 
several source identification techniques that can be used. These methods include LMW/HMW 
relative proportions, ratio of isomers concentrations, and PAHs profiles. However, prior to 
identification of PAHs sources, the level of PAHs in a given sample has to be determined. 
Nonetheless, since PAHs are present in trace level concentrations, a reliable extraction 
technique has to be established for the purpose of PAHs assessment. Among the known 
extraction techniques, SPME stands out as a practical method to extract PAHs from dissolved 
phase, while MAE is suitable for PAHs extraction from particulate phase.   
 
However, only few studies covered the level of PAHs in both precipitation and stormwater 
samples. These data are needed as both precipitation and stormwater are important pathways 
of  PAHs in the environment as both matrices are commonly reported as the main contributor 
to local water bodies. Moreover, there is a scarcity data on the temporal variation of PAHs in 
precipitation and stormwater of a tropical country as most of the studies done have been in 
countries with seasons. This study attempts to fill the existing knowledge gap by measuring 
the levels of PAHs in rainwater and in stormwater in an urban area of Singapore for the first 
time. The details of the sample collection and the characteristics of the sampling site are 
discussed in Chapter 3. 
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3.1. Background information 
 
The present study was conducted in Singapore. Singapore is located close to the equator 
(1.5oN and 104oE), and thus has a tropical climate, which is marked by high humidity and 
constant rainfall throughout the year. Its ambient temperature and pressure are relatively 
uniform due to its maritime exposure and geographic location. The average humidity is 84%, 
with the maximum being 100% during rainy days, and temperature ranges from 23 to 34oC. 
The average annual rainfall is 2333 mm with the minimum monthly average being 
approximately 150 mm. The climate is governed mainly by Northeast winds and Southwest 
winds that blow from December to March and June to September, respectively. The 
respective seasons during these time periods are Northeast Monsoon and Southwest Monsoon. 
The Northwest Monsoon is marked by heavy rains, which can occasionally stretch for 1-3 
days per rain event. Drier climate is observed during February till early March (NEA, 2005). 
During the Southwest Monsoon period, the southwest winds usually carry emissions from 
biomass burning in Sumatra (Indonesia), which result in the occurrence of haze in Singapore.  
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3.2. Sample Collection and Preservation 
3.2.1. Collection of Rainwater Samples 
 
Rainwater samples were collected on an event basis at the NUS Air Quality Research site, 
located at one of the tallest buildings (Engineering Building 2). The sampling station is 
located 67 m above sea level and in the vicinity of a highway and traffic intersection. 
Moreover, the sampling site is located approximately 8 km from a ferry harbour, 9 km from 
Clementi bus terminal, which provides bus service over 17 routes, and 10 km from Jurong 
Island, where the biggest oil refining and petrochemical manufacturing industries in 




Wet-only rainwater sampler (Model 200, Ecotech, Australia) was used to collect rainwater 
samples, stationed at the rooftop location.  The collection area of the sampler was 107.5 cm2. 
It automatically collects rain through a rain-sensor after 0.127 mm of rain has fallen. Forty 
samples were collected during the period July 2005-January 2006. The samples were 




& Chemical Industries 
Senoko 
Incinerator 
Petroleum Industries & 
Chemical Industries 
Sampling Point 
Figure 3.1. Location of incinerator, petroleum refineries and chemical industries in Singapore
Changi International Airport 
Chapter 3  
– Experimental Details - 
35 
chemical analysis. To prevent microbial degradation of PAHs, thymol was added into the 
amber bottle in the rainwater sampler as well as the amber bottles used for sample storage.  
Thymol was used as a biocide with the concentration of 400mg/litre (Gillet and Ayers, 1991). 
In the lab, the pH and conductivity were measured using pH Denver Instrument model 25 and 
Horiba conductivity meter ES-12, respectively. The pH of the rainwater samples varied in the 
range of 3.8 -6.2 while the conductivity ranged from 8.02 to 91.5 µS cm-1. The collected 
rainwater samples were then filtered through a 0.22 µm polycarbonate filter paper (Whatman, 
England). The samples were stored in 100 ml amber bottles with Teflon® caps (Supelco, 
USA) and refrigerated at 4oC until analysis. 
3.2.2. Collection of Stormwater Samples 
Stormwater samples were collected from a drain located on Ayer Rajah Expressway (AYE) 
shoulder during October 2005 to March 2006. AYE is one of the main expressways in 
Singapore, with eight lanes stretches along the road. The AYE serves passenger cars, buses, 
light and heavy trucks as it connects major industrial and economic centres such as Jurong 
Industrial estate, harbours, and downtown areas. The peak hour traffic takes place twice a day 
from 7 am to 9 am in the morning and 5 pm to 8 pm in the evening. 
 
Stormwater samples were collected on an event to event basis using an automated stormwater 
collector (Isco Model 750). This sampler consists of twenty four amber bottles with can store 
upto 1 litre of samples. The sampler can be programmed to collect stormwater from the drain 
sequentially based on either time, or volume.  
 
In this study the sampler was set to collect stormwater every 10 minutes during the course of 
a storm event. The samples then were transferred back to the research laboratory, and the 
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same preservation and storage procedures were followed as the rainwater samples. The pH of 
the stormwater samples varied between 5.9 and 8.3, and conductivity ranged between 18.3 
and 246 µS cm-1. At least, four stormwater samples were analyzed per storm event to ensure 
the validity of the analysis. 
 
All amber bottles used in this study have undergone thorough cleaning prior usage: immersed 
in 5% methanol solution in de-ionized (DI) water (Maxima water purification system, USF 
Elga) for a day followed by DI water rinsing and oven drying at 70oC.  
 
3.3. Chemical Analysis 
3.3.1. Standards  
 
Reference PAHs (16 compounds) was purchased from Supelco (Bellefonte, PA, USA). The 
concentration of each compound is as follows: Naphthalene (abbreviated, Nap) 1000 µg/ml, 
Acenaphthene (Ace) 2000 µg/ml, Acenaphthylene (Acy) 1000 µg/ml, Fluorene (Flu) 200 
µg/ml, Phenanthrene (PA) 100 µg/ml, Anthracene (Ant) 100 µg/ml, Fluoranthene (Flt) 200 
µg/ml, Pyrene (Pyr) 100 µg/ml, Benzo(a)anthracene (BaA) 100 µg/ml, Chrysene (Cry) 100 
µg/ml, Benzo(b)fluoranthene (BbF) 200 µg/ml, Benzo(k)fluoranthene (BkF) 100 µg/ml, 
Benzo(a)pyrene (BaP) 100 µg/ml, Indeno(1,2,3-cd)pyrene (IND) 100 µg/ml, 
Dibenzo(a,h)anthracene (DBA) 200µg/ml, Benzo(g,h,i)perylene (BghiP) 200 µg/ml. All 
glasswares were cleaned by rinsing with ultrapure-water (Maxima water purification system, 
USF Elga), methanol (Merck) and acetone (J.T. Baker). Sodium monochloroacete was 
purchased from Merck. 
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3.3.2. Instrumentation 
3.3.2.1. SPME devices 
 
A manual SPME holder was used for the study. The fiber was non-polar 
polydimethylsiloxane (PDMS, 100 µm film thickness) purchased from Supelco. Before usage, 
the fibers were conditioned according to the manufacturer’s instruction (30 minutes at 250oC).  
 
3.3.2.2. Gas chromatography – mass spectrometry (GC-MS) 
 
GC-MS analysis was done using a Hewlett-Packard 6890 Series GC system coupled with 
Mass Selective Detector (Agilent Technologies, Wilmington DE). The column used was a 
DB-5 MS fused capillary column (J&W Scientific, USA) with description as follows: 30.0 m 
x 250 µm x 0.2 µm; 5% mole fraction of Phenyl Methyl Siloxane. The injector port was set to 
290oC, pressure 5.5 psi and total flow at 53.5 ml/min. Desorption was done in splitless mode 
with purge flow started after 2 minutes.  
 
The details of the program used in GC-MS analysis are as follows: the initial temperature was 
50oC, held for 2 minutes, and ramped to 200oC at a rate of 10oC/min, held for 1 min, and 
finally ramped to 300oC at a rate of 5oC with a hold time for 8 minutes. The total run time was 
46 minutes for a sample. Electron impact mode was applied for MDS operation, choosing 70 
eV as the electron energies, while the ion source temperature was set to 230 oC. The carrier 
gas used was helium (He) at a constant flow of 0.8 ml min-1. Selected ion monitoring mode 
(SIM) was used for monitoring PAHs, which grouped into seven intervals of retention time 
for maximum sensitivity. Individual PAHs were identified by comparing the retention time 
(chromatographic column) and mass spectra (mass detector) with PAHs standards (full scan 
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mode). GC-MS was tuned before each analysis with HP Chem-Station Standard Spectra 
AutoTune routine with perfluorotributylamine (PFTBA).  
 
3.3.2.3. Microwave Assisted Extraction 
 
For PAHs extraction in rainwater particulate matter, a closed vessel microwave digestion 
system (MLS-1200 MEGA, Mileston s.r.l, Italy) was used. The rainwater and stormwater 
samples were filtered first using vacuum pump filtration. The filters used were polycarbonate 
filters with a diameter of 47 mm and 0.22 µm cut-off (Whatman, England).  
 
Prior to filtration, the filters were scaled twice to obtain the average weight. The volume of 
rainwater and stormwater used for the filtration were measured and recorded. After the 
filtration, the filters were dried at room temperature for 24 hours before microwave assisted 
extraction (MAE) in dry box.  
 
The preparation of samples for MAE was done as follows: a 10 ml mixture of 1:1 portion of 
acetone and hexane was added together with the filters in Teflon vessels. Only half of the 
filter was used for stormwater particulate samples,  but the whole filter was used for rainwater 
samples. The filters were cut using a pair of ceramic scissors C-124 (Kyocera Corp.). The 
vessels were then capped, secured on the rack, and set in the oven.  
 
The MAE program was set to ramp gradually within 20 minutes of extraction using 150 W of 
microwave heating, followed by 20 minutes of vent out. This program was based on the 
optimized MAE method reported by Karthikeyan et al. (2006). After the extraction, the 
vessels were cooled down to room temperature, and the contents were transferred into 50 ml 
glass vial with Teflon cap liner. The filtrate then dried by exposure to a gentle flow of purified 
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nitrogen gas (Alfaganza-grade). Afterwards, the residue was re-dissolved with 1ml of 1:1 
acetone-hexane solvent prior to GC-MS analysis and kept in a 1.5 ml amber glass vial.  
 
The laboratory blanks were also analyzed to account for contamination during filtration, 
preservation, along with solvent blanks with MAE and GC-MS for PAHs concentration. 
Limit of detection (LOD) were calculate from the values of blank determinations (n=10) 
based on Equation 4.5. Only samples with PAH concentrations exceeding the LODs were 
considered in this study and corrected by subtracting the mean blank from the the 
concentration obtained. 
3.3.3. Calibration and recovery tests 
A stock standard solution was prepared by diluting 40 µl of PAHs original standard solution 
in a mixture of 0.5 ml Acetone and 0.5 ml Hexane (diluted 1/25). Afterwards, the GC-MS 
calibration was done by dilution of 20, 40 and 80 µl of stock solution into 1 ml of acetone. 
Then 20 µl of these synthetic standards was injected to the GC-MS. Direct injection 
calibration was done in the range of 4-160 ng ml-1 , which gave linearity between 0.943 (PA) 
and 0.999 (Acy). The SPME calibration was done with the same procedure, but instead of 
using direct injection technique, SPME was used for extracting PAHs from the synthetic 
standard. SPME calibration was done in the same concentration range, which gave linearity 
ranging from 0.897 (BaA) to 0.996 (BaP, BghiP). The coefficient of variation was in the 
range of 0.7% (BaA) to 5.9% (Ace) at trace level concentrations (80-160 ng ml-1).  
 
The optimization of SPME method was carried out by spiking ultra-pure water (10 ml) in a 
vial with 20 µl of stock standard solution (diluted in 0.5 acetone prior spiking). After adding 
sodium monochloroacetate for the desired molarity, the vial was capped and stirred until all 
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the salt dissolved. Next, HCl or NaOH solution was added to maintain the desired pH. Finally, 
the solution was heated up to the desired temperature and extracted with SPME under a 
certain period of time under agitation using a magnetic stirrer. The calibration was done 
occasionally, or new fiber was used as and when needed.  Each analysis was carried out twice.  
  
Since SPME is an equilibrium extraction procedure, recovery was obtained from the ratio of 
PAHs concentration extracted by SPME from synthetic rainwater or stormwater standard to 
the concentration given by SPME extraction from synthetic ultrapure water standard for the 
same amount of PAHs spiking. The synthetic ultrapure water standard was prepared as 
follows: 10 ml of ultrapure water was spiked with 50 µl PAHs stock solution (diluted in 0.5 
acetone). It was then conditioned and extracted by SPME according to the optimized method. 
The synthetic rainwater or stormwater water standard was prepared in the same manner, 
replacing ultrapure water with rainwater or stormwater. Blank tests were done on ultrapure 
water, which was treated similarly to the recovery test procedure to see the response given 
from reagents and materials to the total concentration of PAHs.  
3.3.4. Detection Limits 
The detection limits were calculated by multiplying the standard deviation of noises by a 
factor of 3, which were quantified from at least 3 replicated blank measurements (Al-Momani 
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3.3.5. Analytical quality assurance 
The rainwater and stormwater samples were analyzed under rigorous control procedures. All 
vials used in this study were vigorously cleaned: sonicated in 5% methanol for 3 to 6 hours, 
oven-drying at 70oC and acetone rinsing prior to usage to make sure no contamination 
occurred. The carry-over of SPME fiber was eliminated by extending desorption time up to 
15 minutes and performing blank fiber desorption every now and then between fiber usage. 
To ensure the quality of analytical method of SPME, a calibration was consistently done after 
a set of ten to fifteen samples were analyzed.  
 
Table 3.1. Analysis of NIST SRM 1649a (urban dust) 
PAHs Measured results
a 
(ug/g), mean ± S.D. 
Certified value, (ug/g) 
mean ± S.D. 
% Recovery, mean ± 
S.D. 
Fluoranthene 4.09 ± 0.20 6.45 ± 0.18 65 ± 6 
Benzo[a]anthracene 2.24 ± 0.09 2.21 ± 0.07 104 ± 7 
Chrysene 2.17 ± 0.10 3.05 ± 0.06 74 ± 8 
Benzo[b]fluoranthene 5.19 ± 0.20 6.45 ± 0.64 83 ± 7 
Benzo[k]fluoranthene 2.22 ± 0.08 2.21 ± 0.17 103 ± 7 
Benzo[a]pyrene 2.60 ± 0.11 2.51 ± 0.09 106 ± 8 
Indeno[1,2,3-cd]pyrene 3.74 ± 0.15 3.18 ± 0.72 120 ± 8 
a Average of triplicate 
 
To verify that the MAE method is suitable for PAHs extraction, a validation process was 
conducted by applying the used procedure to the SRM 1649a (urban dust). An accurately 
weighed 10 mg portion of the SRM 1649a was extracted in triplicates using MAE and 
analyzed further by GC-MS. The result obtained can be seen in Table 3.1. A good agreement 
is observed between the results and the reference values. The recoveries ranged from 65 to 
120%, and the recovery of IND (120%) was higher than those set by Association of 
Analytical Communities (80- 115% ) (AOAC, 2002). 
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These results signify that the chosen MAE technique is appropriate for the extraction of PAHs 
at trace level from particulate phase. However, as SPME has never been applied on rainwater 
and stormwater matrices, the method needs to be optimized. The optimization of the SPME 
method is discussed in the next chapter (Chapter 4).  
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Modern environmental analysis demands rapid, low cost, and sensitive chemical analyses for 
assessing pollutant occurrence and distribution in the environment so as to be able to perform 
a routine and continuous contaminant monitoring. This is especially important for 
determining the level of priority pollutants in the environment such as PAHs. Conventional 
extraction methods, such as liquid-liquid extraction (LLE),  can be time consuming and also 
require high concentrations of toxic organic solvents. In recent years, solid phase 
microextraction (SPME) has received increased attention for such applications as it has 
several advantages over conventional methods. For example, this method  is simple, fast, and 
economical.  
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This chapter discusses SPME method development for its application in rainwater and 
stormwater samples. The first part of this chapter explains how the SPME method is 
optimized. The theory of diffusion and distribution of PAHs as well as PAHs physical and 
chemical properties are presented as guidelines for enhancing SPME sensitivity. In the latter 
part, the validation of the SPME technique and its analytical merit in extracting PAHs from 
the rainwater and stormwater samples will be discussed. 
 
4.2. Optimization of SPME parameters 
 
To achieve a sensitive and reliable extraction method, there are at least five extraction 
conditions that have to be optimized, which are extraction time, ionic strength, stirring speed, 
water temperature, and pH. These parameters and their influence on PAHs extraction from 
aqueous samples are discussed in the following sections. The SPME fiber was inserted into a 
20 ml vial containing 10 ml of aqueous sample during the course of method development.  
 
4.2.1. Extraction time 
 
The extraction-time represents the time needed for PAHs in the aqueous samples to adsorb 
onto the fiber, which involves PAHs migrating through the aqueous sample and PAHs 
diffusing throughout the fiber coating (Louch et al., 1992). These processes are dependent on 
the distribution coefficient (Kf) and diffusion coefficient (Ds), respectively. Thus, distribution 
and diffusion coefficient play the key role in optimizing extraction time of PAHs.  
 
In SPME, Kf of PAHs is the ratio of PAHs at the surface of SPME fiber (Cf) over the PAHs 
bulk concentration (Cs) under equlibrium conditions (Equation 4.1).  
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K =         (4.1) 
whereas diffusion coefficient (cm2.s-1) represents the molecular diffusivity of PAHs on the 
medium through which they move. High Kf value is desirable as it signifies stronger affinity 
of PAHs toward the SPME fiber and thus enhancing the sensitivity as well as the 
concentrating effect of SPME fiber (Zhang et al., 1994). However, high Kf values mean long 
equilibrium times as more PAHs must travel into the fiber (Wercinski and Pawliszyn, 1998). 





−⋅⋅= δ        (4.2) 
where t is the time to reach equilibrium; δ is the boundary layer thickness around the fiber; Kf 
is the PAHs distribution constant between the fiber and aqueous sample; the fiber coating 
thickness, (b-a); and Ds is the PAHs diffusion coefficient in the aqueous sample. This 
tendency was observed in the present study, where LMW PAHs showed shorter equilibrium 
time than the HMW PAHs whose pKf values are generally above 3 (MacGillivray, 1998). As 
can be seen in Figure 4.1, lighter molecular weight PAHs reached equilibrium after 45 
minutes, while the heavier compound reached equilibrium after 60 minutes. In addition, 
HMW PAHs have low Ds which result in slower mass transfer and longer equilibrium time 
(Pino et al., 2003; Doong and Chang., 2000).  
 
In order to achieve a recovery of all the 16 compounds, a period of 60 minutes was chosen. 
This extraction period yields a good extraction recovery for all the compounds and is suitable 
for the gas chromatography cycle time. Doong and Chang (2000) reported 90 minutes of 
extraction time for 16 PAHs with 100µm PDMS, while Chen (2004) reported 35 minutes for 
Pyr, BkF, BaP, and BghiP using 30 µm PDMS. This variability of extraction time was 
attributed to the thickness of the fiber chosen. For a thicker fiber, the time needed for the 
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Figure 4.1. Optimization of extraction time 
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analytes to diffuse to the coating was longer as more fiber volume was available. 
Consequently, the equilibrium time became longer. However, thicker fiber provided better 
sensitivity as more analytes were adsorbed. Nonetheless, as the extraction time chosen is 
below the equilibrium time for several compounds, slight changes in variables such as 
temperature, time and stirring rate can change the results and lead to poor reproducibility 
(Shirey, 1998).  Thus, these variables have to be held precisely for every sample in order to 
maintain the comparable result and thus produce good precision and accuracy (Ai, 1997; 
Sauret-Szczepanski et al., 2005). 
4.2.2. Water Temperature 
Temperature plays a significant role in SPME method sensitivity as it affects the Kf and Ds of 








HKK 11exp      (4.3) 
where Ko is the distribution coefficient at temperature To, R is the gas constant, while ∆H is 
the molar change in enthalpy when PAHs travel from the aqueous sample to the fiber coating.  
On the other hand, the relationship between diffusion coefficient and temperature can be 
illustrated as follows (Bonoli and Witherspoon, 1968): 
T ∝ Ds          (4.4) 
 
From equations 4.3 and 4.4, it can be seen that increases in sample temperature would 
decrease Kf and increase Ds, which cannot be obtained by magnetic stirring alone (Ai et al., 
1997). This is because the partition of PAHs from water to the SPME fiber is an exothermic 
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 Figure 4.2. Optimization of water temperature 
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process. Consequently, based on equation 4.2, a faster equlibrium time would be obtained 
(Pawliszyn, 1997). Nonetheless, the amount PAHs extracted would be reduced as well (Eq 
4.1). Thus, both temperature and sampling time should be optimized according to the 
requirements of application (Chen, 2004).  
 
In order to investigate the influence of sample temperature, PAHs were extracted under 
increasing temperature (20, 30, 40, 70 and 80oC) for a given time of 60 minutes. The result 
can be seen in Fig 4.2. From the data obtained, it was shown that LMW PAHs reach 
equilibrium at lower temperature compare to the HMW PAHs. The LMW PAHs reached 
equilibrium at 60oC while the HMW PAHs reached equilibrium at temperature 70oC. This 
might be due to reduced sensitivity of LMW PAHs in contrast to increased extraction amount 
of HMW PAHs at higher temperature (Wercinski and Pawliszyn, 1998). Higher extraction 
temperature of 80 oC was reported by Chen (2004).  
 
Nonetheless, higher temperature leads to increasing mass transfer of PAHs to the vapor phase. 
Hence, availability of the PAHs in the water sample will shift to headspace and result in less 
adsorption of analytes onto the fiber. This can be seen from a decrease in PAHs extraction 
efficientcy after the optimum temperature. Thus, in this study the extraction temperature was 
set to 65 oC to accommodate the extraction of both LMW and HMW compounds. Moreover, 
the temperature was maintained constant to allow PAHs extraction while at the same time 
minimizing PAHs evaporation.  
 
The decrease of PAHs extraction efficientcy at higher temperature might also be due to 
competition between the kinetics of adsorbtion and desorption from the fiber (Valor et al. 
1997). The kinetics of desorption would avail as the fiber’s ability to retain analytes reduced 
at higher temperature, marked by reduced Kf (Wang, 1997). However, in the present of 
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particulate matter in sample matrix, a reduced distribution constant would shift the 
partitioning of PAHs to the soluble phase and thus making the parts extractable (Penton, 
1998).  
4.2.3. Stirring speed 
Mechanical agitation is needed to increase the diffusion of PAHs, which is nearly negligible 
in the aqueous sample. Furthermore, the diffusion ability is significantly diminished by the 
present of a thin layer of water around the surface of fiber coating. This layer is known as 
Prandtl boundary layer, whose thickness depends on the viscosity of the fluid and the 
agitation condition. When the layer is sufficiently thick, it could reduce PAHs diffusion 
through the layer and thus prolongs the equilibrium times (Arthur et al., 1992; Eisert and 
Pawyliszyn, 1997; Pawliszyn, 1997).  
 
From Figure 4.3, it can be seen that the stirring speed affected each individual PAH 
differently. Nap, Ace, and Acy reached optimum extraction efficiency with a stirring speed of 
600 rpm while Flu, PA, Ant, Flt and Pyr and HMW PAHs PAHs (BaA, Cry, BbF, BkF, BaP, 
IND, DBA and BghiP) reached the same at 720 rpm. Obviously as the molecular weight 
increases, the required stirring speed becomes higher. A higher stirring speed would assist 
heavier molecular PAHs to diffuse towards the fiber faster, providing more opportunity for 
the PAHs to have collisions with the fiber and help eliminate the thin layer of water 
surrounding the fiber. Thus in a shorter time, more PAHs were extracted (Pawliszyn, 1997). 
Nonetheless, one should note that a poor stirring would give precision that is inferior to no 
stirring. Hence, in this study samples were constantly stirred to ensure good precision among 
the replicates, lower detection limits, and increased data quality (Supelco, 1996b). In addition, 
a visible vortex was used as an indicator of effective stirring (MacGillivray, 1998). 
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Figure 4.3. Optimization of stirring speed 
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4.2.4. Ionic strength 
 
Enhance ionic strength by addition of a salt is reported to be able to increase extraction 
recovery (Supelco, 1996a; Long et al., 2002; Kuo et al., 2003). This is known as “salting out” 
effect (Fessenden et al., 1984). This can be explained as the addition of salt would increase 
the ionic strength of the solution and thus reduce the solubility of PAHs. As the result, the 
PAHs are more readily extractable by the SPME fiber. In the present study, the effect of ionic 
strength was observed by a series of aqueous samples with increasing ionic strength. A series 
of samples were prepared with the ionic strength being set to 0M, 0.5M, 1M, 2M, and 3M 
with addition of  0 mg, 0.5824 mg, 1.1648 mg, 2.3296 mg, and 3.4944 mg of monochloro 
sodium acetate (ClCH2COONa) to the aqueous samples under magnetic agitation. 
 
As can be seen from Figure 4.4, with the addition of  0.5M salt, all PAHs reached equilibrium. 
Chen (2004) reported 1.5M as the optimal molarity for heavy molecular weight PAHs. The 
addition of the salt greatly influenced a polar compound as it provided alkaline cations to 
replace or exchange the adsorbtion of original cations. Although PAHs were considered as 
semi-polar compounds, the increased salinity was reported to enhance PAHs adsorbtion. The 
possible explanation is due to improvement of PAHs’ dissociation by the high activity of 
ClCH2COONa ions species for semi-volatile PAHs compounds (Chen, 2004). Thus the 
dissociation reduced the solubility of PAHs and consequently shifted the partitioning to 
SPME fiber (Sauret-Szczepanski et al. 2005, Karickhoff et al., 1979; Eaganhouse and Calder, 
1982).  
 
Moreover to prolong the fiber lifetime, a molarity of 0.5M was chosen as black irregular spots 
on the fiber were detected after exposing the fiber several times to higher molarity. This 
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Figure 4.4. Optimization of ionic strength 
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problem might be due to  a high concentration of the salt that was adsorbed onto the fiber and 
thus blocked the injector port. As the result, the fiber lost its sensitivity, which cannot be 
recovered even after rinsing the fiber with ultrapure water or by thermal desorption (290oC for 
30 minutes). Thus, an attempt to remove the salt from the fiber was done by immersing the 
fiber in ultrapure water for one minute prior the injection. The PAHs was apparently retained 
on the fiber (Penton, 1999). Moreover, to prevent salt build up in the injector port, the outer 
needle of SPME holder was wiped from water droplets with a tissue before injections 
(Wercinski and Pawliszyn, 1998). 
4.2.5. pH 
Although the influence of pH on PAHs extraction is not so strong compared to other 
parameters, pH adjustment yields better selectivity for PAHs extraction efficiency as it alters 
the coefficient of dissociable species (Pawliszyn, 1997; Yang, 1995). To observed the 
optimum ionic strength for PAHs extraction using SPME, a series of spiked aqueous samples 
was set to different pH conditions between pH 2 and 10 and was analyzed by SPME under 
following condition: extraction time of 60 minutes, water temperature of 65oC, agitation of 
720 rpm and ionic strength of 0.5M. 
 
Figure 4.5 shows the results of SPME extraction from each solution. The pH gave optimal 
extraction of PAHs between pH 6 and 7, followed by a decrease as the solution became more 
acidic or alkaline. At pH 6, the extracted efficiency is approximately 10 times more than at 
pH 2 or 10. The extraction of PAHs was inferior in acidic conditions because the surface area 
of PAHs would be protonated and become cationic or positively charged at low pH, which 
consequently alter the solubility of PAHs. Similarly, PAHs would lose their protons and 
become anionic at high pH and become more soluble. However, a modification in pH would 
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Figure 4.5. Optimization of pH 
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also change the surface area of other materials found commonly in the environmental matrix, 
such as humic acid. PAHs were known to associate with humic acid. Thus the alteration of 
surface charge could reduce the retention of PAHs from humic acid. 
4.2.6. Desorption time and carry over 
On several occasions, some analytes would retain on the SPME fiber after injection in the 
GCMS, which is known as the carry-over effect.  The carry-over effect was reported as one of 
the major limiting factors of SPME (Johansen et al., 1999). The cause of carry-over was 
incomplete desorption of the analytes from the SPME fiber being used. In the desorption step, 
the fiber is inserted into the injector port, where high temperature is applied. The purpose is to 
eliminating the ability of the fiber coating to retain analytes by applying high temperature 
(Wersinski and Pawliszn, 1999). Incomplete desorption could be attributed to the thick fiber 
coating (e.g. 100µm PDMS) (Potter et al., 1994) and adsorbtion of PAHs to the fused silica 
core of the fiber (Shirey, 1999). To prevent carry-over, several consecutive injection of the 
fiber were done in an unoccupied injection port between each analysis. Additionaly, blank run 
of the fiber was carried out between the sample analysis to check the the background level of 
GC-MS. Moreover, setting up desorption time and the injector port to 290oC was shown to be 











Chapter  4   
–  Method Deve lopment  of  Sol id  Phase  Microextract ion (SPME) -  
 
57 
4.3. SPME Validation 
4.3.1. Enrichment Factor 
The purpose of using the SPME method is to extract the desired analytes from the aqueous 
sample onto the surface area of the SPME fiber. As the volume of the SPME fiber is much 
smaller than the volume of the aqueous samples, the analytes would be consentrated on the 
SPME fiber. Consequently, this characteristic of enrichment factor results in the enhancement 
of SPME extraction sensitivity. The enrichment factor was calculated by dividing the SPME 
calibration slope by direct injection calibration slope. The enrichment factor calculated was in 
the range of 29-100, with the average being 88.  
4.3.2. Linearity, reproducibility and limit of detection (LOD) 
The validation of the optimalized SPME technique was done by thoroughly examining the 
linearity, reproducibility, and the limits of detection. This validation test was carried out using 
a synthetic ultrapure water standard. The results can be seen in Table 4.1.  
 
The analyis of linearity, detection limit, and precision was done by using the standard in 
triplicates. Calibration using the SPME technique gave a satisfactory result, with correlation 
coefficient (r2) ranging between 0.910 and 0.996 (n =3). This value indicates that SPME can 
be applied to analyze all 16 analytes of PAHs  within the range of trace level concentration. 
The good linearity of SPME method was probably contributed by fiber thickness being used 
(100 µm). Previous studies stated that a 100 µm fiber can extract more analytes and serve a 
broader linear range of calibrations (Shirey, 1999). Moreover, the trace level sensitivity might 
be due to high enrichment factors, which have the average value of  88.  
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In addition, Figs 4.6 show that the qualitative analysis of PAHs by using SPME yields a clear 
chromatograph with no interferences or obstruction. The idetification of the individual PAHs 
was obtained by diluting PAHs mixture 100 times in acetone and methanol (1:1) and 
analyizing this solution in the full scan mode of EI mode. The individual PAHs were 
identified based on their mass fragments (m/z) by means of electronic library. Furthermore, 
total ion chromatogram (TIC) was applied throughout analysis to allow the detection of the 
most frequent and abundant mass fragments in the chromatogram. Afterwards, selected ion 
monitoring (SIM) mode was utilized to improve the selectivity and detectability of analytes 
(Louter et al., 1996). The SIM mode contained six groups based on the mass fragments and 
the retention times of their compounds. The number of ions analyzed in each SIM groups was 
similar in order to ensure the equal scan time for each compound. Similarly, the identification 
of individual PAHs in rainwater and stormwater samples was carried out based on the relative 
retention times and the abundance ratio of their mass fragments.  
 
Precision was investigated by performing triplicate extractions of ultrapure water spiked with 
PAHs standard under the same operating parameters. The reproducibility, expressed as 
relative standard deviation (R.S.D), gave a satisfactory outcome, which ranged from 5% to 
15%. The limit of detection (LOD) was determined based on blanks analysis (n=3) at the 
respective time of each PAHs with following equation (Armbuster et al., 1994): 
 LOD = blank +3σ blank (4.5) 
While LOQ value was obtained with the same equation above, the factor was set to 6. The 
values for LOD and LOQ are given in Table 4.1. The LOD values obtained were in the range 
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4.3.3. Applicability of SPME to Rainwater and Stormwater Samples 
To complete the validation procedure of this method, the matrix effect of the environmental 
sample which might influence PAHs behaviour was studied. An attempt to obtain a 
calibration curve for unfiltered rainwater was done to evaluate the matrix effect from 
rainwater. Whereas, the evaluation of the matrix effect from stormwater samples was done on 
filtered samples due to the complexity and the presence of coarse material in the sample 
matrix that might damage the fiber. Furthermore, the recovery of PAHs extraction by using 
optimized SPME method was evaluated from spiked rainwater and stormwater samples.  
4.3.3.1. Linearity in sample matrix 
 A sample of unfiltered rainwater samples was split into several fractions and spiked with 
increasing known amounts of PAHs stock solution. The rainwater sample selected for 
calibration was from a heavy rain event in early October (October 11th, 2005) and thus 
expected to give the most complex matrix. The volume from the given samples was divided 
into three aliquots of 10 ml and thus the three point calibration was done.  
 
Three-point calibration was done in the range from 1 to 80 µg/l. The complexity of matrix 
from unfiltered rainwater was anticipated to have an influence on the calibration curve 
linearity. However, this did not occur. The calibration curve of unfiltered rainwater gave an 
acceptable range of linearity (r2), from 0.75 (Acp) to 0.99 (Cry), except for Nap (r2=0.69) and 
BghiP (r2=0.51) (Table 4.2). Nonetheless, when the slope value of the calibration curve from 
unfiltered rainwater was compared to the slope value of the standard calibration curve, the 
slope values of the rainwater sampleswere slighty lower than those of the ultrapure water, 
indicating a minor retention of PAHs compound by the rainwater matrix.  
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2) Slope Ratio* 
Nap 10-40 0.694 0.44 
Acy 20-80 0.774 0.42 
Ace 10-40 0.754 0.45 
Flu 2-8 0.790 0.40 
PA 1-4 0.863 0.38 
Ant 1-4 0.829 0.36 
Flt 2-8 0.952 0.41 
Pyr 1-4 0.959 0.40 
BaA 1-4 0.976 0.46 
Cry 1-4 0.990 0.59 
BbF 2-8 0.885 0.56 
BkF 1-4 0.935 0.60 
BaP 1-4 0.947 0.57 
IND 1-4 0.907 0.36 
DBA 2-8 0.851 0.67 
BghiP 2-8 0.506 0.68 
          * Slope ratio between calibration from unfiltered rainwater matrix and standard calibration 
 
 
As can be seen in Table 4.2, the ratio of slope value between standard and unfiltered rainwater 
calibration ranged from 0.36 (IND) to 0.68 (BghiP). This indicated that rainwater matrix has 
only a slight impact on PAHs extraction while using SPME, even when the PAHs exist in 
trace levels. 
 
A small slope value was observed for IND, which indicated that IND was the most affected 
compound either by samples pretreatment, or the rainwater matrix. A small slope value 
resulted from a low signal area of a given compound in chromatography analysis. However, 
as IND has the highest value of Kow (6.58) and relatively low solubility (62 µg/l), IND tends 
to have high affinity towards the particulate matter in rainwater. As a result, IND 
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concentration in the aqueous samples might be adsorped to the colloidal and dissolved solid 
in the rainwater matrix. 
4.3.3.2. SPME recovery of  PAHs  
In addition, to investigate further the influence of rainwater and stormwater matrix on the 
extraction recovery of dissolved PAHs by the SPME method, rainwater and stormwater 
samples were filtered and spiked with known amounts of PAHs, followed by the same 
analytical protocol as the spiked ultrapure water. The response given for spiked rainwater or 
stormwater samples was then compared with the response obtained from a spiked ultrapure 
water. The matrix effect was expected to become negligible as the amount of spiked PAHs 
increase (Sauret-Szczepanski et al. 2005). Prior to spiking, the rainwater and stormwater 
samples were filtered with 0.22 µm of polycarbonate filter. The cut-off size of the filter was 
chosen to ensure that the PAHs were present in the dissolved phase.  
 
The recovery values of  PAHs from the rainwater and stormwater samples were in the range 
from 72 to 109% and 79 to 111%, respectively (Table 4.3). There is only a slight difference 
between rainwater and stormwater extraction recovery as both matrices showed comparable 
recovery values. The main reason suggested was the filtration step prior to the spiking and 
extraction, which left particulate matter in the aqueous solution smaller than 0.22 µm.  
 
Higher recovery values of PAHs by more than 100% was also reported by Shirey (1998), who 
reported the recovery of BaP of 119% by using 100 µm PDMS fiber with extraction time of 
15 minutes. The explanation offered was due to the carry-over effect resulting from the 
contact of the analytes with fused silica core of the fiber. However, this is not likely the 
reason for the observed results. High recovery values in this study might be due to delayed 
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Table 4.3. SPME recovery from rainwater and stormwater samples (n=5) 
Rainwater  Stormwater  
Compound Average 
(%) SD RSD 
Average 
(%) SD RSD 
Nap 86 9 18% 91 12 13% 
Acy 95 9 7% 83 8 17% 
Ace 92 5 7% 85 15 20% 
Flu 89 3 10% 95 10 15% 
PA 92 8 13% 105 7 8% 
Ant 85 9 9% 107 10 7% 
Flt 95 9 16% 105 7 10% 
Pyr 102 6 12% 109 11 8% 
BaA 99 7 7% 79 14 28% 
Cry 103 3 17% 97 13 20% 
BbF 99 7 7% 95 7 17% 
BkF 72 12 19% 96 7 22% 
BaP 109 7 20% 109 10 13% 
IND 78 14 9% 98 13 13% 
DBA 92 4 16% 82 14 17% 
BghiP 78 9 15% 111 4 18% 
 
 
purging of HMW PAHs by mass spectrometry (MS). This is because the maximum 
temperature of MS was 300oC, while the boiling point of most of the HMW PAHs are in the 
range of ca 300 to 500oC. Thus, it took more time to be able to completely purge out the 
HMW PAHs from the MS, which can be accomodated by a blank run in between samples 
analysis.  Nonetheless, the recovery values were in a satisfactory range and thus the SPME 
method can be considered to be suitable for extracting dissolved PAHs from rainwater and 
stormwater samples.   
 
The precision obtained in this study is similar or better than those reported in the literature for 
extraction of PAHs in water samples using SPME approach (Doong and Chang, 2000; Chen, 
2004). In general, higher RSD values were observed for HMW PAHs in stormwater samples. 
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This might be due to high Kf values of HMW PAHs. High Kf values imply that more PAHs 
are transferred into the fiber, which would lead to extended equilibrium time. Thus, as the 
extraction time in this study is less than the equilibrium time for most HMW PAHs, the yields 
of extracted HMW PAHs are more liable to changes. In addition, PAHs with high Kf tend to 
be larger and more slowly to be adsorbed (Shirey, 1998). Another possible explanation is the 
complexity of stormwater matrix, which might have high containment of collodial particles. 
Since HMW PAHs have strong affinity toward the colloidal particles, the partition of HMW 
PAHs from the fiber could be altered. However, as the SPME technique was reinforced on the 
merit of analytes hydrophobicity and their affinity towards the solid phase or the fiber, the 




The solid phase microextraction has been successfully developed to extract 16 EPA’s priority 
PAHs from rainwater and stormwater matrix. Coupled with GC-MS, this SPME method was 
shown to give high sensitivity and accuracy, good recovery and satisfactory reproducibility.  
 
Five parameters affecting extraction recovery were investigated and the optimal operating 
conditions obtained were 0.5M of sodium monochloroacetate, 65oC, pH 7.0, agitation of 720 
rpm, and an extraction time of 60 min. A desorption time of 15 minutes was shown to 
eliminate carry-over. The linearity of SPME was performed on a wide range of concentrations 
and yielded a satisfactory r2 value for all the 16 PAHs compounds. Moreover, a high 
enrichment factor, with the average value of 88, provides a sensitive tool for trace level 
measurement.  
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A comparable extraction recovery was obtained from filtered rainwater and stormwater 
samples with a cutoff of 0.22µm for the fibre. This indicated that after filtration, rainwater 
and stormwater matrix became similar and did not affect the extraction recovery significantly.  
 
Given the facts that SPME is simple, economical, and can be automated, this method can be 
used for the routine extraction of PAHs from rainwater and stormwater samples of this 
present study. The results obtained from the analysis of PAHs in Singapore rainwater and 
stormwater samples are discussed in the next two chapters (Chapters 5 and 6, respectively).  
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5  
PAHs Occurrence  & Dis tr ibut ion   











Rainwater is one of the important pathways by which airborne PAHs could be transferred 
from the atmosphere into the aquatic system. The occurrence and distribution of PAHs in 
rainwater are controlled by several factors such as vapour pressure of PAHs, Henry law’s 
constant, vapour-to-particle partitioning, prevailing local climate, raindrop size, and airborne 
particulate matter size distribution. As a result, PAHs could vary temporally or spatially.  In 
addition, PAHs in rainwater can occur in the dissolved phase as a result of dissolution of 
gaseous PAHs in rain droplets, or in the particulate phase due to scavenging of airborne 
particulate within or below cloud. Hence, the estimation of PAHs in the rainwater should 
consider their distribution in both phases.  
 
Chapter  5   
–  PAHs Occurrence  &Dis tribut ion  in  Rainwater  -   
68 
This chapter discusses the distribution of PAHs in Singapore’s rainwater. First, the levels of 
PAHs in rainwater (dissolved and particulate phase) are discussed based on the extensive data 
collected over a period of 6 months. Subsequently, the level of carcinogenic PAHs in the 
rainwater will be assessed. Temporal variation of PAHs and its correlation with 
meteorological parameters will also be presented. Finally, the potential major sources of 
PAHs in rainwater, will be discussed.  
 
5.2. PAHs concentration in Singapore rainwater 
In this section, the concentration of PAHs measured in the dissolved and particulate phases is 
discussed. The composition and the level of carcinogenic PAHs are calculated to roughly 
estimate the potential health hazard of Singapore’s rainwater.  
 
5.2.1. Dissolved phase 
 
Forty rainwater samples were processed using the optimized SPME method followed by the 
GC-MS analysis. Table 5.1 presents the summary of results obtained from forty precipitation 
events collected from August 2005 to January 2006 in Singapore. The characteristics of 
individual PAHs are presented in terms of their average concentrations, standard deviation, 
and concentration range (minimum-maximum). The total concentration of 16 PAHs ranged 
from 375 to 4,239 ng/l with an average value of 2,408 ng/l.  
 
The high variability of PAHs concentration in rainwater might be due to a combination of 
changes in the emission strengths of various sources of PAHs and in the prevailing 
meteorological conditions. In addition, the variation could also be caused by other factors that  
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control the deposition of PAHs from the atmosphere, such as Henry’s law constant, PAHs 
vapour-to-particle partitioning, size of raindrops, meteorological conditions, cloud 
microphysics, and aerosol type and size (Hart et al., 1993; Manoli et al., 2000).   
 
The six carcinogenic PAHs, as described by the International Agency for Research on Cancer 
or IARC (∑6 PAHCARC = BaA, BbF, BkF, BaP, DBA, IND), had concentration ranging from 
75 to 585 ng/l in the dissolve phase with an average value of 371 ng/l. However, higher 
concentrations were observed for the six carcinogenic PAHs according to the European 
Community standard (∑6PAHECstd) (i.e Flt, BbF, BkF, BaP, BghiP and IND). The ∑6 
PAHECstd concentration ranged from 102 to 923 ng/l in the dissolved phase with a mean 
concentration of 461 ng/l. The average proportions of carcinogenic PAHCARC and PAHECstd 
were 24% and 30% respectively, of the total PAHs. These values were relatively higher than 
those reported for other countries in the literature with the exception of the Netherlands 
(Figure 5.2). The values reported for the Netherlands are as follows: ∑6 PAHCARC = 491 ng/l 
and ∑6 PAHECstd=1,270 ng/l (Van Noort and Wonrergem, 1985b). Moreover, the values of 
this studies were still lower than the European Community standard for untreated waters is 
1,000 ng/l). 
 
The PAHs in the dissolved phase of rainwater samples exhibited a distribution dominated by 
Nap (30%) with a concentration of 806 ± 675 ng/l (Table 5.1, Figure 5.1). Other abundant 
compounds were PA (16%) (281 ± 276 ng/l), Acy (14%) (284 ± 244 ng/l) and Ace (11%) 
(187 ± 167 ng/l). Overall, the dissolved phase of rainwater was dominated by LMW PAHs 
(82%, LMW/HMW=3.7), which have high water solubility and low KOC values. Similar 
findings were reported by Park et al (2002); higher proportion of LMW PAHs were present in 
comparison to HMW PAHs.  
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Singapore   (Rainw ater dissolved phase) Singapore   (Rainw ater particulate phase)
Hungary (Kiss et al, 1995) Germany (Levsen et al., 1991)
Germany (Berg & Hjell-brekke, 1988) Germany (Thomas, 1986 )
Germany (Levsen et al., 1991) Poland (Grynkiew icz et al., 2002)
Greece (Manoli et al., 2000) Italy (Dissolved phase, Olivella, 2005)
Italy (Particulate phase, Olivella, 2005) Italy   (Moreseli & Zappoli, 1988)
Portland (Ligocki et al., 1985a) Portland (Ligocki, et al., 1985b) 
Isle Royale  (McVeety & Hites, 1988) Chesapeake Bay  (Dickhut & Gustafson, 1995)
Great Lakes  (Hoff et al., 1996) Netherlands (Den Hollanrer et al., 1986)
Norw ay  (Berglind, 1982) Oregon, USA  (Pankow  et al., 1984)
Netherlands (Van Noort & Wonrergem, 1985b)
 
 
Figure 5.2. Concentration of carcinogenic PAHs in the dissolved and particulate phase of rainwater in 
comparison to those from literature; ∑ 6 PAHCARC is the sum of BaA, BbF, BkF, BaP, IND, DBA (IARC) 
while ∑6 PAHEcstd is the sum of Flt, BbF, BkF, BaP, IND and BghiP (European Community standard).  
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The prevalence of Nap in the dissolved phase of rainwater might be due to its distinctively 
high aqueous solubility and low vapour pressure (2.48 x 10-4 mol/L and 1.09 x 10-2 kPa 
respectively) compared to other PAHs compounds (Mackay et al., 1992). Consequently, in 
the atmosphere, Nap is easily trapped and carried by cloud droplets (Golomb et al., 1997). 
Moreover, unlike dry deposition, the concentration of PAHs carried by clouds is relatively 
constant and not significantly influenced by the distance traveled from their emission 
(Gardner and Hewitt, 1993). Thus, clouds arriving at rainwater sampling site may contain Nap 
from anthropogenic activities in local and distant areas.  
 
The anthropogenic activities that possibly contributed to the abundance of Nap in the 
atmosphere were petroleum refineries, fumigations, incinerators and oil fired-power plants, 
which are located within 20 km from the sampling site. Petroleum refineries use Nap as a raw 
material, consequently Nap was generated as the main compound (85% to 99%), whereas five 
or more ring PAHs contributed less than 0.1% (IARC, 1989b). Similarly, oil fired-power 
plants emit mainly (62-92%) two and three-ring compounds, which are dominated by Nap 
(31-35%) followed by PA and Flu (Bonfanti et al., 1988). In fumigation, Nap is used without 
processing. In Singapore, fumigation is carried out extensively as a measure of preventing the 
dengue epidemic. Moreover, Nap was reported to be the major fraction of PAHs emitted from 
municipal waste incinerator as reported by IWSA (1996). Thus, the large abundance of Nap in 
Singapore’s rainwater (Fig 5.2) is consistent with its emission from several local sources and 
its aqueous solubility.  
 
Elevated concentrations of Nap have also been reported in  Hungary (Kiss et al., 1996), in 
Poland’s precipitation (Grynkiewicz et al., 2001), in wet and dry deposition at Massachusetts 
Bay (Golomb et al., 1997) as well as in Greece’s wet and dry deposition (Manoli et al., 2000).  
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5.2.2. Particulate Phase 
 
Particulates suspended in rainwater samples were collected by filtering the 40 rainwater 
samples through polycarbonate filter with 0.22 µm pore size. The filters were then dried, 
extracted using the microwave assisted extraction (MAE) system, and analyzed with a gas 
chromatograph coupled with mass spectrophotometer (GC-MS). All samples were analyzed 
in duplicates to confirm their values.  
 
PAHs concentration (∑16 PAHs) in the particulate phase of rainwater ranged from 590 to 
2,241 ng/l with an average of 1,847 ng/l (Table 5.1). ∑6 PAHCARC concentrations ranged from 
197 to 566 ng/l with a mean concentration of 386 ng/l. The concentrations of PAHECstd ranged 
from 194 to 1,033 ng/l with a mean concentration of 761 ng/l. PAHCARC and PAHECstd 
represented 28 and 29% of the total PAHs, respectively. 
 
The rainwater particulate phase was dominated by Ace (17%) (228 ± 119 ng/l), DBA (14%) 
(178 ± 95 ng/l), and BaP (11%) (140 ± 97 ng/l). Other abundant compounds are BghiP (10%) 
(125 ± 82 ng/l) and Flu (10%) (215 ± 63 ng/l). Although Flu had higher concentrations than 
other compounds, its percentage over total PAHs was relatively lower. This signifies that high 
Flu concentrations occurred only in a few rain events. BghiP might be contributed from 
vehicular emissions as suggested by Hangebrauck et al. (1967), particularly from diesel bus 
emission (Zern, 2004), whereas the source of DBA remains unclear. These vehicular 
emissions were likely to have originated from an expressway in the vicinity of the rainwater 
sampling point. In general, the percentage of LMW (52%) and HMW (48%) in particulate 
phase was almost equal, with LMW/HMW value of 1.1. Among the HMW compounds, DBA 
and BghiP are those PAHs with the strongest affinity toward the particulate phase, which is 
marked by high values of KOW and KOC . For instance, DBA has the Kow value of 106.5 and Koc 
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of 106.14 compared to Nap whose Kow and Koc value are three magnitudes smaller (103.37 and 
103.11 , respectively). 
 
5.2.3. Comparison with studies in literature 
 
The concentration of PAHs found in wet deposition from literatures are shown in Table 5.2. 
This comparison among the concentrations data of PAHs should be viewed cautiously 
considering the differences in the sampling and analytical methods used, in addition to the 
difference in the number of compounds being analyzed, and the form of the PAHs (i.e. 
particulate, dissolved or total). In general, the results obtained from the present studies are 
within the range of those reported for other countries.  
 
The level of individual PAHs in the present study was generally higher than, or equal to those 
reported in literature. Most of the data reported from literature showed domination of Nap, PA, 
Flt, and Pyr. High concentrations of Flt and Pyr were observed from studies done at The 
Netherland (Hoff et al., 1996; Van Noort & Wonrergem, 1985b; Den Hollanrer et al., 1986), 
at Gdansk area, Poland (Polkowska et al., 2000), at Norway (Berglind, 1982), at Manchester, 
UK (Halsall et al., 2000), at Dubendorf, Switzerland (Leuenberger et al., 1988) and at North 
America (Golomb et al., 2001; Pankow et al., 1984). On the other hand, the Singapore’s 
rainwater had relatively lower concentrations of Flt and Pyr by two orders of magnitude 
comapred to those reported in Germany’s rainwater (Levsen et al., 1991), 3 orders of 
magnitude compared to rainwater in the Netherlands (Van Noort and Wonrergem, 1985b; 
Den Hollanrer et al., 1986); 2 orders of magnitude compared to Norway’s rainwater (Berglind, 
1982) and one order of magnitude compared to Oregon’s rainwater (Pankow et al., 1984). 
This might be due to the absence of residential heating in the tropical Singapore, which emits 
Flt and Pyr as the main compounds (EHC 202, 1998). 
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The domination of Nap and PA in Poland’s bulk deposition (Grynkiewicz et al., 2002) was 
contributed by emissions from traffic activities, residential heating, warehouse, and a nearby 
chemical laboratory, whereas a similar domination in Greece’s bulk deposition was also 
observed and owing to open cooking using wood and coal (Manoli et al., 2000). Similarly, 
considerable amounts of Nap and PA were observed in the present study. As discussed in 
previous sections (5.2.1), the high level of Nap in the Singapore rainwater might be 
contributed by fumigation and emissions from local industries, whereas the abundance of PA 
was likely due to vehicular emissions. On the other hand, the elevated concentration of the 
remaining PAHs in this study are likely due to vehicular emissions from the nearby highway, 
industrial activities, and a port in the vicinity of the sampling sites. A detailed source 
apportionment will be discussed in the Section 5.4. 
 
5.3. Temporal Variation 
 
The composition of PAHs in rainwater varies temporally and spatially as it is controlled by a 
number of factors, including meteorological parameters, types of sources (natural or 
anthropogenic), physical and chemical transformations, and the quantity of PAHs present in 
the atmosphere. Spatial variation depends mainly on the geographic distribution of PAHs 
emitted from natural or anthropogenic activities, while the temporal variation depends mainly 
on wind direction, solar radiation, rainfall intensity and rate, as well as the height of cloud 
base (Asman et al., 1981).  
 
PAHs in aerosol particles were reported to vary between seasons, with an elevated 
concentration during winter season (Sin et al., 2003; Levsen et al., 1991). Similarly, PAHs 
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concentrations in wet deposition were reported to display seasonal variations (Brun et al., 
1991; Grynkiewicz et al., 2002; Olivella, 2005). The seasonal variations of PAHs in aerosols 
and rainwater are caused by slower rate of photochemical degradation, poor air dispersion. 
and increased domestic heating activities in winter season (Grimmer et al., 1981; 
Pistikopoulos et al., 1990; Levsen et al., 1991). Correspondingly, excessive solar radiation in 
the summer season would stimulate photochemical degradation and thus reduce the 
concentration of PAHs in the atmosphere (Menichini et al., 1999).  
 
In this study, a temporal variation of PAHs concentrations in the rainwater was observed, but 
not a seasonal variation. The concentrations of PAHs were calculated on a monthly basis 
according to their volume-weighted mean (VWM) concentrations. The formulae used to 




























































VWM     (5.2) 
 
Where Pi is the amount of precipitation corresponding to the ith sample, while Xi is the PAHs 
concentration corresponding to a given rain events and n is the number of samples. The 
standard deviation is a dimensionless parameter indicating the spread of the data around the 
mean values.  
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5.3.1. Rainwater deposition flux 
The cumulative wet deposition data obtained from August 2005 to January 2006 in this study 
are plotted in Figure 5.3. It can be seen that in October 2005, the wet deposition of all PAHs 
compounds increased markedly. The increase might be attributable to enhanced wash out 
phenomena, which most likely takes place at the onset of the rain season. The rain events that 
took place in October 2005 probably scavenged airborne PAHs that had accumulated during 
the previous dry season, leading to an enrichment in their rainwater concentrations. Similar 
findings were reported by Hu and Balasubramanian (2003) on 13 elements of trace metals in 
Singapore’s rainwater. It was reported that the highest deposition rates of trace metals 
occurred during the month of October 2000.   
The annual wet deposition was estimated based on cumulative total PAH concentration since 
sampling included 99% of all precipitation events during the sampling period (Park et al., 
2002). The cumulative total PAHs (particulate and dissolved) in rainwater in (µg/m2) was 
plotted versus Julian date of the sampling period (Aug 2005-Jan 2006) (Fig 5.4a). The 
cumulative total PAHs shows a linear relationship with Julian date (r2 = 0.92) and is modeled 
with the following equation: 
 Rain PAHs flux (µg/m2) = 9.5747 x Julian Days – 2096.7  (5.3) 
Based on this equation, the annual flux of PAHs wet deposition (dissolved and particulate) 
was estimated to be 1,398 µg/m2/yr.   
 
A comparison of these data to wet deposition fluxes reported in the literature is rather difficult 
as the number of analyzed PAHs may vary from site to site and also the form of wet 
deposition (i.e. snow); moreover, some studies may incorporate dry deposition into 
calculation. Nonetheless the values in this study are well within those reported in the literature. 
The annual wet deposition flux estimated in this study was lower than those 
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Figure 5.3. The cumulative wet deposition from August 2005 to January 2006; considerable increases of 
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reported for Cardiff (UK) for bulk deposition of ∑13PAHs (the same as in this study with 
exception of Nap, Acy and Ace) which ranged from 292 to 7,154 µg/m2/yr (Halsall et al., 
1997), but higher than those reported for Manchester, UK (36.5-883 µg/m2/yr) (Halsall et al., 
1997), at Nahant, Massachusetts Bay (553 µg/m2 yr) for ∑16 PAHs (but instead of Nap, 
Corone was analyzed) in bulk deposition (Golomb et al., 2001), at Northern Italy (180 
µg/m2/yr) for ∑14 PAHs (not including Nap and Acy) in bulk deposition (Olivella, 2005), at 
Seabrook, Texas (130 µg/m2/yr) for ∑14 PAHs (with exception of Nap, Acy, Ace but 
including benzo[e]pyrene) in rainwater (Park et al., 2001) and Truro (43 µg/m2 /yr) (Golomb 
et al., 1997).  
 
The relatively high value of annual wet deposition flux measured in this study might be the 
result of two factors. First, the abundant rainfall that occurs throughout the year in Singapore 
contributed to high values of deposition flux. Second, there is a potential loss of PAHs 
compounds in other studies reported in the literature due to a long sampling period of wet 
deposition, ranging from one to six weeks (Golomb et al., 1997, 2001; Manoli et al., 2000; 
Ollivon et al., 2002; Rocher et al., 2004; Motelay-Massei et al., 2006).  
 
The long sampling period was suggested to be detrimental to PAHs measurements, as the 
PAHs species were revolatilized, deteriorated due to exposure to heat and light during 
sampling period or diluted by multiple precipitations (Golomb et al., 1997, 2001). In this 
study, the rainwater samples were collected for each rain event and transferred to the lab 
immediately with the preservative, stored in a refrigerator prior to the extraction and chemical 
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Figure 5.4.  Estimation of annual flux of total PAHs wet deposition (a), BaP (b) and ∑6 PAHCARC (c) using 
cumulative PAHs wet deposition (dissolved and particulate) during sampling period of August 2005-
January 2006 
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BaP has been used as an indicator of the health standard such as the European standards 
(EMEP) due to its toxicity, persistence, and ability to be transported for long distances. The 
yearly deposition flux of BaP (dissolved and particulate) was estimated in a similar manner 
and constructed with a linear relationship (r2 = 0.97) with Julian date (Fig 5.4b). The derived 
equation is as follows: 
 Rain BaP flux (µg/m2) = 0.59 x Julian Days – 129.17   (5.4) 
The calculated BaP flux from the rainwater was 87 µg/m2/yr or 6% of the total PAHs 
deposition flux. This value is higher than the values reported by Van Jaarsveld et al. (1997) in 
Paris (69 µg/m2/yr) and Shatalov et al. (2000) for the same area (10 µg/m2/yr).  To obtain the 
full picture of the carcinogenic potential from the rainwater, the yearly deposition flux of ∑6 
PAHCAR was calculated based on following equation (Fig 5.4c): 
 Rain ∑6 PAHCAR flux (µg/m2) = 2.9003 x Julian Days – 620.15 (5.5) 
The yearly wet deposition flux of ∑6 PAHCAR was 438 µg/m2/yr, which is 31% of the total 
deposition flux of PAHs. The high values of deposition flux denote the significance of more 
effective atmospheric pollution control in Singapore to prevent the continuous chronic input 
of PAHs from the rainwater that might impact local ecology.  
5.3.2. Impact of meteorological parameters 
Dickhut and Gustafson (1995) reported that a decrease in temperature would increase the gas-
scavenging coefficient. Alternatively, higher temperature would increase the vapour pressure 
of semi-volatile organic compounds which results in increasing the gaseous/vapour phase 
proportion of PAHs. In this study, the precipitation amount, wind speed and direction, relative 
humidity, ambient temperature, and solar radiation were measured to examine the influence of 
related meteorological parameters on the temporal variation of PAHs in the dissolved and 
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particulate phases of rainwater. The statistical relationship was determined based on Pearson 
product moment correlation coefficients (r) calculated for individual PAHs at a confidence 
level of 95%. The fluctuation of the meteorological parameters can be seen in Fig 5.5. The 
corresponding correlation coefficients calculated are shown in Table 5.3.  
 
As shown in Table 5.3, weak correlations were observed between the concentration of PAHs 
in rainwater (dissolved and particulate phase) and wind speed and relative humidity. The 
correlations between wind speed and PAHs in dissolved and particulate phases were in the 
range of  -0.25 to 0.16 and -0.22 to 0.17 respectively (α = 0.05), whereas the correlations with 
relative humidity were in the range of -0.19 to 0.11 and -0.28 to 0.17 (α = 0.05) respectively.   
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A clearer picture of the effects of ambient temperature towards PAHs concentration in 
dissolved and particulate phases can be seen in Fig 5.6. On a monthly basis, an inverse 
correlation was observed between ambient temperature and LMW PAHs in the particulate 
phase (r = –0.43, α = 0.05). Similar findings were reported by Kiss et al. (1998), who 
observed an increase in PAHs concentration in aerosol particles with the decrease of ambient 
temperature.  
 
This can be explained as follows: a higher ambient temperature would increase the vapour 
pressure of PAHs that are bound to atmospheric aerosols and thus shifting the partitioning of 
PAHs from the particulate to the gaseous phase (Sin et al., 2003). Correspondingly, with 
higher temperature, the concentration of PAHs, especially LMW PAHs, in dissolved phase 
would increase. LMW PAHs are known to have relatively high vapour pressure, which would 
be higher as the increased of ambient temperature. Hence, the LMW compounds would 
volatile from the particulate phase to the air. As the result, a positive correlation was observed 
between ambient temperature and LMW PAHs in the dissolved phase on events basis (r = 
0.001 – 0.33, α = 0.05) and monthly basis (r = 0.46, α = 0.05), as well as with total 
concentration in dissolved phase on monthly basis (r = 0.46, α = 0.05).  
 
Negative correlations were observed between solar radiation and PAHs in the particulate 
phase on monthly basis. The correlations observed between solar radiation and LMW, HMW 
and total PAHs in particulate phase were -0.68, -0.46 and –0.58 respectively (α = 0.05) (Fig 
5.7). Solar radiation would induce the reaction of volatile organic compounds to form ozone  
as well as reactive hydroxyl radicals, which would react with PAHs and thus reduce the PAHs 
concentration in the atmosphere. This mechanism is known as photochemical degradation and 
regarded as one of the major sinks of ambient PAHs.  
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Figure 5.6. The comparison between monthly averaged ambient temperature and monthly 
volume-weighted mean (VWM) of total PAHs in dissolved (a) and particulate phase (b); a 
moderate correlation was observed on monthly basis between ambient temperature and LMW 
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Figure 5.7. The comparison of monthly averaged solar radiation to monthly VWM of total PAHs 
in particulate; the correlations observed between solar radiation and LMW, HMW and total 
PAHs in particulate phase were r = -0.68, -0.46 and –0.58 respectively 
 
 
The most affected PAHs in this study was Ant, which had the highest negative correlation 
with solar radiation (r = -24 and –0.16, α = 0.05). This finding is in accordance with the 
literature findings that demonstrated that Ant is one of the compounds that have the shortest 
half life in the atmosphere and prone to degrade photolytically in the atmosphere (Mackay et 
al., 1992).  
 
On monthly basis, a weak inverse correlation between precipitation amount and LWM, HMW 
and PAHs concentration in dissolved phase was observed (r = -0.30, 0.01 and –0.33, 
respectively, α = 0.05). The inverse correlation was possibly due to dilution effect, where 
more PAHs are scavenged during the early stage of a rain event and thus the following rain 
dilutes the initial PAHs concentrations (Leister and Baker, 1994; Simcik et al., 1997a, b; Park 
et al., 2002).  
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Figure 5.8. The comparison between sum of precipitation amount and monthly VWM of PAHs in 
dissolved (a) and particulate phase (b) on monthly basis; the correlations observed between 
precipitation amount and LMW, HMW and total PAHs in dissolved phase were r = -0.30, 0.01 
and –0.33 respectively; inverse correlation signifies dilution effect; moderate correlations 
observed between precipitation amount and LMW, HMW and total PAHs in particulate phase 
were r = 0.59, 0.28 and 0.48 respectively 
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On the other hand, a positive correlation between precipitation amount and LMW, HMW and 
total PAHs in the particulate phase was observed (r = 0.59, 0.28 and 0.45, respectively, α = 
0.05) (Fig 5.8). A positive correlation signifies enhanced removal of PAHs bound to 
particulate matter from the atmosphere by a higher volume of precipitation (Ligocki et al., 
1985a,b). This can be explained as particulate matters have larger surface area that allow 
more collisions with the hydrometeors. 
 
Nonetheless, of all the investigated meteorological parameters, wind direction was found to 
give the most significant effect on PAHs distribution, particularly in the dissolved phase. In 
dissolved phase, Ace, Acy and PA were mostly affected by wind direction (r = 0.47, 0.35 and 
0.50 respectively, α = 0.05) (Table 5.3).  
 
To simplify the analysis, the PAHs distribution was compared to wind direction on a monthly 
basis. PAHs composition was categorized into LMW and HWM compounds and both showed 
strong correlation with wind direction (Fig 5.9). A positive correlation was obtained between 
wind direction and LMW PAHs (r = 0.81, α = 0.05), while the HMW compounds showed 
negative correlation (r = –0.81, α = 0.05). To provide further insights, the composition of 
PAHs was segregated further based on their carbon number: C10 for Nap, C12-13 for Ace and 
Flu, C14 for PA and Ant, C16 for Flt and Pyr, C18 for BaA and Cry, C20 for BbF, BkF and BaP, 
C22 for DBA, BghiP and IND (Fig 5.10). Strong correlations were obtained between wind 
direction and the monthly composition of most groups: C10 or Nap (r = 0.83), C14 or PA + Ant 
(r = -0.86), C16 or Flt + Pyr (r = -0.59), C18 or BaA + Cry (r = -0.86) and C22 or Ind + DBA + 
BghiP (r = -0.97) at α = 0.05. This signifies that the composition of PAHs in the rainwater 
would change when the wind direction changes, which suggests that different wind directions 
would introduce different sources of PAHs into the atmosphere.  
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Figure 5.9. Comparison between wind direction and monthly PAHs (dissolved and particulate) 
composition in rainwater, which is classified into LMW and HMW compounds; positive 
correlation was shown between wind direction and LWM (r = 0.81), correspondingly HMW 
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Figure 5.10. Comparison between wind direction and monthly PAHs (dissolved and particulate) 
composition in rainwater, which is classified by increasing C number; strong correlation was 
shown between wind direction and almost all groups: C10 or Nap (r = 0.83), C14 or PA + Ant (r = 
-0.86), C16 or Flt + Pyr (r = -0.59), C18 or BaA + Cry (r = -0.86) and C22 or Ind + DBA + BghiP 
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The months with a domination of LMW PAHs (Aug and Sep 2005) were associated with a 
predominant prevailing wind from the Southwestern (SW), Northwestern (NW) and Western 
(W) side, where incinerators, oil fired-power plants and petroleum refineries are located (Fig 
5.9, 5.11). As has been discussed in Part 5.2.1, these activities emit mainly LMW PAHs (62-
92%), in particular Nap (31-35%), into the atmosphere.  
 
Higher concentrations of PAHs observed during the months of October 2005 to January 2006 
coincided with domination of wind direction from the Southeastern (SE) and Northeastern 
(NE) sectors. The SE sector includes Batam and Bintan islands (Indonesia), where industrial 
areas and domestic airports (Hang Nadim and Sekupang) are located, whereas the NE sector 
contains Changi international airport. Possibly, the cloud that swept over the exhaust from 
aircraft taking off and landing over that corridor caused the high concentration of PAHs in the 
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5.4. Source apportionment 
Given the location of the sampling site, the PAHs measured in this study could arise from 
many sources. Therefore, there is a need to ascertain and apportion the sources of PAHs 
found in this work. This can be done by using a method based on the composition of PAHs 
instead of their concentration (Gonzalez et al., 2000; McCready et al., 2000). PAHs 
concentrations tend to vary greatly from a given source, henceforth PAHs composition would 
give more reliable tools of source apportionment (Kendall et al., 2001). For a given PAHs 
source, the PAHs composition exhibited would be different and specific. Thus, comparing a 
PAHs composition from an unknown sample with PAHs compositions in the literature would 
give information of the likely sources of PAHs in the samples, based on similarities of both 
PAHs compositions. PAHs composition can also be interpreted as the ratio of PAHs isomers, 
widely known as PAHs ratio.  
 
Nonetheless, the challenge commonly faced in source apportionment is that there are various 
sources that contribute to a sample. Thus, instead of having an “ideal” sample, which is 
dominated by a single source, aqueous samples tend to be influenced by mixed sources 
(Yunker et al., 2002).  Thus, PAHs ratio, which is appropriate only for inferring a single 
source, could give a misleading interpretation when applied to samples from mixed sources.  
 
In the present study, two apportionment methods were applied to ensure the confidence of the 
interpretation. The first approach is the Pearson correlation matrix and cross plot. The Pearson 
correlation matrix identifies PAHs compounds that come from a singular source. The second 
approach is the use of diagnostic ratios of PAH compounds with same molecular mass.  
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5.4.1 Pearson correlation matrix 
Table 5.4 gives the Pearson product moment correlation coefficient (r) for all PAHs, where 
high correlations implied unison or similarity of PAHs sources (Park et al., 2002). The upper 
triangle represents the correlation values of PAHs in the dissolved phase and the lower 
triangle represents the correlation values in the particulate phase. The values with strong 
correlation (r ≥ 0.7 at a confidence level of 95%) are highlighted in bold, while underlined 
values signify strong correlation (r ≥ 0.7 at a confidence level of 95%) between isomers.  
 
High correlation values were mainly observed between HMW compounds in the dissolved 
phase. Similarly, almost all LMW and HMW compounds in the particulate phase correlated 
strongly. These suggest the similarity of PAHs sources in the rainwater, especially in the 
particle-bound PAHs. Based on information from the literature, some of the possible sources 
were petrol (common PAHs species: Flt, Pyr, IND, BghiP), diesel (Flt, Pyr, BbF, IND), LPG 
and kerosene (Pyr and BaP), industrial oil (Pyr and Cyr) and gasoline vehicle emission (Flu, 
Cyr, IND, BghiP) (Miguel et al., 1998; Marr et al., 1999; Kulkarini and Venkataraman, 2000; 
Ho et al., 2002).  
 
Strong correlations were also found between some of the PAHs compounds and their 
respective isomers. In the dissolved phase, the isomers with strong correlations were Flt and 
Pyr (r = 0.98) and BaA and Cyr (r = 0.99), whereas weak correlations were found between 
PA and Ant (r = 0.26) and IND and BghiP (r = 0.44). In the particulate phase, strong 
correlations were found between Flt and Pyr (r = 0.99), BaA and Cyr (r = 0.98) and IND and 
BghiP (r = 0.80), while weak correlation was observed between PA and Ant (r = 0.05). 
Consequently, isomers of Flt/Pyr, BaA/Cry and IND/BghiP served as a more reliable mean 
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than isomers PA/Ant to be used as diagnostic ratios for source apportionment, since they 
came from the same source. 
5.4.2 Diagnostic ratios of PAHs isomers 
Ratios of PAHs isomer concentration have been widely used to distinguish combustion-
derived PAHs to diminish confounding factors such as differences in adsorption, water 
solubility, and volatility (Simoneit, 1985; Benner et al., 1995, Budzinski et al., 1997; 
Blummer, 1976; Yunker et al., 1996, 1999).  
 
In this section, the isomers ratios that were used are those, which have a high Pearson 
correlation coefficient between the isomers compounds in order to ensure a valid 
interpretation. Thus, the source apportionment in rainwater used isomers of mass 202 (Flt/Flt 
+ Pyr), mass 228 (BaA/BaA + Cyr and BaA/Cyr), mass 276 (IND/IND + BghiP and 
IND/BghiP), with addition of BaP/BghiP ratio.   
 
The isomers ratio of mass 202 (Flt/Flt + Pyr) in rainwater was 0.41 + 0.11 (Table 5.5). This 
value coincided with the value from the combustion of diesel (0.39 + 0.11) (Yunker et al., 
2002; Wang et al., 1999; Schauer et al., 1999; Westerholm et al., 2001; Wise et al., 1988b; Li 
and Kamens, 1993; Rogge et al., 1993b; Sjögren et al., 1996). Similar values (0.45 + 0.03) 
were observed in a study done in a traffic tunnel with light duty gasoline vehicles (Miguel et 
al., 1998; Marr et al., 1999), in the particulate phase (PM2.5) from gasoline engines (0.43) 
(Marr et al., 1999), in combustion of gasoline (0.44) (Li and Kamens, 1993; Rogge et al., 
1993b) and in combustion of crude oil (0.44 + 0.02) (Benner et al., 1990). This finding is in 
accordance with studies carried out by Yunker et al. (2002), who suggested ratios of Flt/Flt + 
Pyr between 0.4 to 0.5 as indications of liquid fossil fuel combustion (vehicle and crude oil). 
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Grimmer et al. (1975) also reported that the Flt/Flt + Pyr values between 0.40 and 0.45 signify 
exhausts from gasoline-fueled vehicles.  
 
On the other hand, the isomers ratios of mass 228 (BaA/BaA + Cyr) in the dissolved phase 
were 0.25 ± 0.21. These values had few agreements with many reported in the literature, and 
thus are difficult to distinguish. In contrast, the isomers ratio of mass 276 (IND/IND + BghiP) 
coincided with some values reported in literature: kerosene (0.48) (Westerholm and Li, 1994), 
combustion of bituminous coal (0.48) (Grimmer et al., 1983; Oros and Sinoneit, 2000) and 
combustion of crude oil (0.47 ± 0.01) (Benner et al., 1990). Similar ratios were observed for 
diesel oil (0.40 ± 0.18) (Westerholm and Li, 1994; Wang et al., 1999; Schauer et al., 1999; 
Westerholm et al., 2001) and urban air, which including SRM 1648 and 1649a (0.40 ± 0.11) 
(Wise et al., 1988; NIST SRM 1649 certificate of analysis; Fraser et al., 1998). Furthermore, 
the BaP/BghiP ratio measured in the rainwater (0.85 ± 0.79) was in agreement with values 
reported for diesel exhaust (0.46-0.81) (Rogge et al., 1993, Westerholm et al., 1991) and 
urban air of Chicago (0.84) (Simcik et al., 1999).  
 
However, only a few sources were in agreement with the entire diagnostic ratios or at least 
three diagnostic ratios. These sources were diesel oil, combustion of diesel oil, and urban air, 
indicating the prevalent contribution of diesel engines.  This interpretation was depicted in the 
cross plot between two isomers (IND/IND + BghiP and Flt/Flt + Pyr ratios) (Fig 5.12). The 
source classification in the figure was based on classification in Yunker et al. (2002).  
 
From Figure 5.12 it can be seen that petroleum combustion influenced most of the samples 
(44%), whereas the other sources influenced less strongly.  The contribution of diesel 
combustion might originate from traffic emissions and emissions from petroleum refineries in 
the vicinity of the sampling site. Pistikopoulos et al. (1990) suggested that emissions from 
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Figure 5.12. PAHs cross plots for the ratios of IND/IND+BghiP  and Flt/Flt+Pyr in the  rainwater; 
the majority of the samples are within the range of petroleum combustion  
 
 
gasoline and diesel vehicles could be the main contributors of PAHs in Paris, France. 
Venkataraman and Friedlander (1994) elucidated a large contribution of automobile traffic to 
airborne PAHs in Los Angeles. Similarly, the airborne PAHs in most countries of Asia 
(Malaysia, China, Korea, Japan and Taiwan) were heavily influenced by traffic exhaust 
(Chang et al., 2006). Therefore, controlling the emission of vehicular exhaust can not only 
improve urban air quality but also the quality of water reservoirs in Singapore. 
 
5.5.   Conclusion 
 
Rainwater samples have been collected during the period of August 2005-January 2006 and 
were analyzed for the presence of 16 PAHs in dissolved and particulate phases. The prevalent 
compounds observed in the dissolved phase were LMW compounds, such as Nap, Acy, Pa 
and Ace (LMW/HMW ratio = 3.7)., whereas the proportion of LMW and HMW PAHs in the 
particulate phase was almost equal (LMW/HMW = 1.1). This assessment enables the 
Petroleum  
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measurement of concentration of carcinogenic compounds in the rainwater, which showed 
that the particulate phase of the rainwater was more toxic than the dissolved phase.  
 
Rainwater deposition flux exhibited highest concentration in the beginning of rain season in 
October 2005 and was probably due to the wash out phenomena i.e. below cloud scavenging 
of the suspended particulate matter in air. The temporal variation in the concentration of 
PAHs was found to be influenced mainly by precipitation intensity and wind direction, 
whereas ambient temperature and solar radiation moderately influenced the level of PAHs in 
the rainwater.  
 
Finally, the PAHs sources were identified by using two approaches (Pearson correlation 
matrix and isomer diagnostic ratios). The conformity of the two approaches signifies the 
combustion of diesel as the prevalent source of airborne PAHs, which might originated from 
petroleum refineries and vehicular exhaust. 
 
As traffic related activities were shown to be a significant source of PAHs in the rainwater, 
the stormwater which is likely to receive direct impact from these sources is suspected to be 
highly contaminated. Therefore, the occurrence and distribution of PAHs in the stormwater 
were investigated, and the results will be discussed in the next chapter (Chapter 6). 
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Urban stormwater runoff has been regarded as one of the main causes of surface water 
contamination (Walker, 1999). The runoff becomes contaminated as it washes off pollutants 
that have accumulated on impervious surfaces. The possible major sources of the pollutants in 
the stormwater include road runoff, effluent of heavy and light industry. In term of PAHs, 
traffic related activities have been considered as the main contributors to the atmosphere 
(Baek et al., 1991). Some traffic related activities that contribute to the contamination of 
PAHs in the stormwater are spillage of crankcase oil, vehicle emissions, asphalt road surfaces, 
and vehicle tyre wear. 
 
Given the potential PAHs contamination in urban stormwater from traffic related activities, it 
is important to determine and quantify the relative contribution of such contaminants. This 
chapter presents and discusses the levels of PAHs contamination in Singapore stormwater 
with particular emphasis on road runoff from an adjacent highway. The levels of PAHs in the 
dissolved and particulate phases are presented first. The carcinogenic level is then estimated 
followed by examination of temporal variation of PAHs in the stormwater. Finally, the 
sources of PAHs contamination in the stormwater are identified. Overall, this chapter 
provides information on the occurrence and distribution of PAHs in Singapore stormwater.  
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6.2. PAHs Concentration in Singapore Stormwater 
In this section, the levels of PAHs in the dissolved and particulate phases as well as those of 
carcinogenic PAHs are discussed.  
6.2.1. Dissolved phase 
 
Fifty-five stormwater samples were collected from a drain located at the shoulder of Ayer 
Rajah Expressway (AYE) during the period of October 2005 to March 2006. AYE is one of 
the main expressways in Singapore, with eight lanes stretching across the road. The average 
concentrations of the PAHs in the dissolved and particulate phases of the stormwater are 
given in Table 6.1.  
 
Concentrations of total PAHs in the dissolved phase ranged from 506 to 1,940 ng/l, with an 
average value of 1,143 ng/l. The concentrations of ∑6PAHCARC ranged from 49 to 887 ng/l, 
with an average value of 318 ng/l, while the concentrations of ∑6PAHECstd ranged from 64 to 
881 ng/l with an average value of 232 ng/l. ∑6PAHCARC and ∑6PAHECstd were 32 and 20% of 
the total PAHs.  
 
Although these concentrations were relatively lower than values reported in literature (Fig 
6.2) and the European Community standard for untreated waters (i.e. 1000 ng/l), they were 
higher than the sum permitted for drinking water, which is 200 ng/l (80/778/EEC). Moreover, 
as these carcinogenic compounds are in the dissolved phase, they are more readily taken up 
by the biota than those in the particulate phase (Roesijadi et al., 1978; Neff, 1979; McCarthy, 
1981). Thus, there is a potential health hazard resulting from the levels of carcinogenic PAHs 
present in the dissolved phase in stormwater, particularly if it is used for the drinking water 
purposes. 
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Figure 6.1. PAHs concentration in both dissolved and particulate phases of stormwater (n = 55) 







































Singapore stormwater (dissolved phase)
Singapore stormwater (particulate phase)
Singapore Stormwater
Nigeria, Lagos (x1000) (Ogunfowokan et al., 2003)
Nigeria Osobgo & Ile-Ife (x 1000) Ogunfowokan et al., 2003
France  (Motelay-Massei et al., 2006)
Poland  (Grynkiewicz et al., 2002)
China (Zhu et al., 2004)
USA (USEPA, 1993)
 
Figure 6.2. Concentration of carcinogenic PAHs in the dissolved and particulate phases of 
stormwater in comparison to those reported in literature; ∑ 6 PAHCARC is the sum of BaA, BbF, 
BkF, BaP, IND, DBA (IARC) while ∑6 PAHEcstd is the sum of Flt, BbF, BkF, BaP, IND and BghiP 
(European Community standard). 
Σ6PAHCARC 
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Nap was the most dominant PAH in the dissolved phase (365 ± 330 ng/l), followed by DBA 
(231 ± 216 ng/l), and IND (116 ± 114 ng/l). On the other hand, most of PAHs (Ant, Flt, Pyr, 
BaA, Cry, BbF, BkF and BaP) were present at trace level concentrations ranging from 6 to 33 
ng/l.  
 
6.2.2. Particulate phase 
 
The distribution of PAHs in particulate phase is presented in Table 6.1, which is calculated 
based on their dry weight (dw, with unit µg/g) and their sample volume (with unit ng/l). This 
was done to enable comparison of PAHs level between dissolved and particulate phase, as 
well as between the level reported in this study and those in the literature.  
 
Concentrations of total PAHs in the particulate phase ranged from 600 to 11,633 ng/l, which 
was dominated by BaA (2,009 ± 1,944 ng/l), Ant (1,550 ± 1,000 ng/l), BghiP (961 ± 871 ng/l) 
and IND (783 ± 673 ng/l). High levels of PAHs observed in the particulate phase might be 
attributable to several factors: (i) high KOC values of PAHs promote accumulation of PAHs in 
the particulate phase, (ii) the stormwater received road runoff that may contain street dust that 
can accumulate deposition of PAHs from automobile emissions and the atmosphere (Law and 
Diamond, 1998), (iii) PAHs which are bound to the particulate phase are more protected from 
photochemical degradation in the atmosphere and the water column (Yunker et al., 2002 and 
the reference therein). 
 
Higher concentrations of PAHs were observed in the particulate phase compared to those in 
dissolved phase. This was depicted by the ratio of PAHs in dissolved phase to PAHs in 
particulate phase, which was significantly lower than 1 (PAHs dissolved/PAHs particulate = 
0.14 ± 0.07). This is in agreement with the fact that PAHs have higher affinity towards 
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particulate phase due to their hydrophobicity. The particulate phase was also more enriched 
with HMW PAHs (i.e from BaA to IND) than with LMW compounds (LMW/HMW = 0.85). 
This can be explained based on the fact that higher molecular mass of PAHs have lower water 
solubility (Neff, 1979). 
 
The carcinogenic level of PAHs measured in the particulate phase was much higher than that 
in the dissolved phase, with ∑6PAHCARC and ∑6PAHECstd concentrations being 4,070 ng/l 
(47%) and 2,715 ng/l (35%). In general, these values were in the same order as those reported 
in National Urban Runoff program of USEPA (1993), in urban runoff of Hangzhou, China 
(Zhu et al., 2004) and in urban runoff of France (Motelay-Massei et al., 2006), one order 
higher than those in Poland urban runoff (Grynkiewicz et al., 2002), but three orders of 
magnitude lower than values reported for urban runoff in Lagos (∑6PAHEcstd= 53,030 µg/l or 
ppm) and Osobgo and Ile-Ife, Nigeria (∑6PAHEcstd=31,960 µg/l or ppm) (Ogunfowokan et al., 
2003) (Table 6.2). However, the levels reported in this study exceeded threshold level set by 
European Community standard (80/778/EEC) for drinking water (200 ng/l) and for untreated 
waters (1000 ng/l). Therefore, the importance of effective contamination control and PAHs 
removal from stormwater prior to their use as drinking water must be seriously considered. 
The comparison between the level of PAHs in rainwater and stormwater was depicted in Fig 
6.1. As can be seen in this figure, the rainwater had already contained moderate levels of 
PAHs. In general, higher level of most HMW PAHs was observed in the stormwater than in 
rainwater. In contrast, there was a considerable loss of LMW PAHs in the stormwater for 
most of LMW compounds (i.e. Nap, Acy, Ace, Flu).   
 
This can be explained by several factors: first, stormwater in this study occasionally 
underwent turbulence when the smaller drain merged with the bigger drain (outfall), hence the 
turbulence might induce volatilization loss of the LMW PAHs to the atmosphere during the 
mobilization of stormwater (Krein and Schorer., 2000). Nap, Acy, Ace and Flu are the 
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compounds, which have the highest vapour pressure among the 16 parent PAHs and thus 
prone to volatilization loss. Second, LMW PAHs tend to undergo photochemical degradation. 
Lastly, the abundance of particulate matter in the stormwater and the high KOC of PAHs might 
shift the partitioning of PAHs to the particulate phase.   
 
On the other hand, the increase of HMW compounds can be explained by as the rainwater 
washed off surfaces which already accumulated PAHs deposition. A significant increase of 
PAHs levels in the stormwater was also reported in studies done at urban areas, highways and 
roads (Marsalek, 1986; Stotz, 1987).  
 
6.2.3. Comparison of PAHs levels measured in this study with data from the literature 
 
A direct comparison between the PAHs levels measured in this study and with those reported 
in the literature was made after taking into consideration the differences in the analytical 
methods used, in the compounds considered, and in the phases analyzed (particulate, 
dissolved or both). The average of ∑16 PAH concentration in the bulk stormwater (dissolved 
and particulate phase) was 9,307 ng/l and ranged from 1,106 to 13,573 ng/l. These values 
were in the same order of magnitude with those reported in literature (Table 6.2). However, a 
lower level of PAHs was reported for ∑14 PAHs in urban runoff of France (4,959 ng/l) 
(Motelay-Massei et al., 2006), for ∑14 PAHs in urban runoff in Georgetown, USA (ranging 
from 40 to 3,790 ng/l) (Ngabe et al., 2000), for ∑11 PAHs in Madrid, Spain (1,400 ng/l) 
(Bomboi and Hernandez, 1991), for ∑8 PAHs in motorway, NW of England (1,860 ng/l) 
(Hewit and Rashed, 1992), for ∑16 PAHs in Portobello Road catchment, New Zealand (1,050 
ng/l), for ∑15 PAHs in Poland runoff waters (2,191 ng/l) (Grynkiewicz et al., 2002). 
Nonetheless, the level of PAHs in this study was smaller compared to the values reported for 
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Columbia urban runoff (400 to 16,300 ng/l) (Ngabe et al., 2000), Hangzou surface water 
(34,400–67,700 ng/l), and urban runoff (5,540–10,620 ng/l) (Zhu et al., 2004). 
 
PAHs concentration in the particulate phase (242,091 µg/kg) was one order higher compared 
to those reported in urban runoff of Germany (16,020 µg/kg) (Krein and Schorer., 2000), two 
order higher than Tokyo street dust (1,403 µg/kg) (Takada et al., 1991), Paris urban runoff 
(4,300 µg/kg) (Moilleron et al., 2002) and Austin highway dust (5,333 µg/kg) (Van Metre et 
al., 2003), which signifies higher contamination of Singapore stormwater. However, the 
values reported in this study were still lower than those in river sediments in Tiajin, China 
(346,000 µg/kg) (Shi et al., 2005), urban runoff in Portebello Road catchments, New Zealand 
(503,000 ug/kg) (Brown, 2002) and characterization of PAHs in urban soil (ASTDR, 1995). 
Moreover, the PAHs concentrations in stormwater samples were much lower compared to the 
highly contaminated Elizabeth River, which have PAHs concentration ranging from 1,5 to 
4,230 ug/g (ppm) dry weight (Halbrook et al., 1992). Nonetheless, as stormwater acts as a 
contaminant pathway of  PAHs into estuaries and coastal areas, more effective measures 
should be taken to prevent larger accumulation of street dust in the future. 
 
High variability of PAHs levels reported in this study and in the literature is a common 
phenomenon in studies of runoff waters (Hewitt and Rashed, 1992). The variability might due 
to the deviation of the rainy events between countries (i.e. precipitation amount and intensity, 
antecedent dry period, etc), the complex wash-off dynamics of the contaminated materials (i.e. 
runoff volume, concentration time) and the array of contaminant sources within catchments 
(Brown et al., 2006 and the references therein; Motelay-Massei et al., 2006). Thus, the 
relatively high PAHs concentrations in this study were possibly due to: (a) high rainfall 
intensity throughout the year which occurs in Singapore, which apparently was effective in 
washing off PAHs from the impervious surfaces, (b) high background contamination from the 
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rainwater, (c) contribution from highway runoff to the stormwater that might be heavily 
contaminated by PAHs.  
6.3. Temporal variation 
6.3.1. Stormwater flux 
From Figure 6.3, it can be seen that the levels of PAHs in stormwater exhibit a temporal 
variation, where the highest PAHs concentrations in stormwater coincided with the highest 
precipitation intensity. An exception to this trend occurred in March 2006, when low 
precipitation volume coincided with a considerable level of PAHs in the stormwater. 
However, this might be due to the contribution of PAHs from the regional smoke haze that 
occurred in March 2006. The occurrences of smoke haze were due to biomass burning (forest 
fires) episodes in Sumatra, Indonesia, which take place during the dry seasons in the region 
(from the end of February 2006).  
 
On a monthly basis, a moderate correlation was established between rainfall volume and 
PAHs concentration in dissolved and particulate phase (r = 0.60 and 0.42, respectively, at 
confidence level of 95%), while a strong correlation was established between bulk stormwater 
and precipitation volume (r = 0.70). This finding is in accordance with studies in Lake 
Maggiore, Italy (Olivella, 2005), which reported that the highest level of PAHs in surface 
water corresponded with heavy precipitation. Thus, it could be concluded that the level of 
PAHs measured in the stormwater collected in this study was significantly influenced by 
precipitation intensity.  
 
The significant influence of precipitation volume on the level of PAHs in stormwater can be 
explained by several factors. First, the rainwater acted as a potential source of PAHs into the 
stormwater, thus as the precipitation volume increased, the total concentration of PAHs 
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contributed from the rainwater also increased. However, as the increased of PAHs 
concentration in rainwater was not in an equal amount to the increased of PAHs in the 
stormwater (Fig 6.3), the next explanation might serve better to elucidate the influence of 























































Figure 6.3 Comparison between precipitation volume and PAHs levels in the bulk rainwater 
(dissolved and particulate phase) as well as with PAHs level in the bulk stromwater (dissolved 
and particulate); rainwater data are only available until January 2006; a strong correlation is 
established between precipitation volume and PAHs level in the stormwater (r = 0.70, confidence 
level of 95%) 
 
 
Second, as the precipitation volume increases, the particle source area becomes larger and 
thus more deposited particles could be washed off (Krein and Schorer, 2000). Moreover, 
higher precipitation intensity could lead to higher erosive force of the surface waters and 
stormwater, which could wash off the asphalt particles (Krein and Schorer, 2000).  
The flux of PAHs in stormwater was calculated based on a hypothesis that 80% of the 
precipitation volume became stormwater. Given the total rainwater in a year was 2,559 mm 
(May 2005-2006) the flux of PAHs in stormwater was 19 mg/m2/yr. Considering the surface 
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area of Singapore is 538 km2, the annual loading of the stormwater to the sea was roughly 10 
tons/year. This value is an overestimation of the annual loading of Singapore stormwater, as 
only some areas of the country were urban or highway areas. However, this value was still 
lower than value reported for annual loading of urban runoff in Hangzhou, China (3073 
tons/year (Zhu et al., 2004). 
6.3.2. Impact of meteorological parameters 
In general, particulate phase had more significant correlations with meteorological parameters 
(Table 6.3). This can be explained as PAHs in dissolved phase are more prone to degradation 
process (i.e. biodegradation, photochemical degradation) and phase exchange (gaseous, 
dissolved and particulate phase), which result in high dispersion of LMW compounds 
between the environmental compartments (Vilanova et al., 2001; Olivella, 2005). Therefore, 
the partitioning of PAHs to the particulate phase overshadowed the influence of 
meteorological parameters on PAHs distribution in the dissolved phase of stormwater. This 
can be seen from a relatively constant ratio of PAHs in dissolved phase to those in particulate 
phase (PAHs dissolved/particulate = 0.14 ± 0.07) throughout the sampling period. Similar 
finding was also reported by Moilleron et al. (2002) in urban runoff of Le Marais (Paris) 
catchments.  
 
Unlike rainwater, wind direction and wind speed had minor influence on the level of PAHs in 
the bulk stormwater (r = 0.03 and 0.35, respectively, α = 0.05). Moreover, a weak inverse 
correlation was observed between ambient temperature and PAHs concentration in dissolved 
and particulate phase (r = -0.35 and -0.39, respectively, α = 0.05). This can be explained as a 
higher temperature would induce volatilization loss of PAHs from dissolved and particulate 
phase into the atmosphere (Dickhut and Gustafson, 1995; Kiss et al., 1998; Sin et al., 2003).  
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Figure 6.4. Monthly PAHs (dissolved and particulate) composition in stormwater; the PAHs 
compositions in October 2005 to January 2006 samples are relatively constant; different PAHs 
composition are observed in February and March 2006 samples 
 
 
A weak negative correlation was also observed between solar radiation and PAHs 
concentration in dissolved and particulate phase (r = -0.24 and -0.39, respectively, α = 0.05). 
Negative correlation signifies that PAHs would degrade photochemically at a higher solar 
radiation, whereas weak correlations were attributable to several factors that affect the impact 
of solar radiation (i.e. the size of particles associated with PAHs, the colour and structure of 
particulate matter, etc) (Behymer and Hites, 1988; Rogge et al., 1998).  
 
Ant, BaA, and BaP were among the compounds that were most influenced by solar radiation. 
The correlations between solar radiation and Ant in dissolved and particulate phase were 
-0.45 and -0.46, respectively whereas BaA had correlations of -0.48 and -0.38, respectively at 
α = 0.05. Similarly BaP  had correlations of -0.39 and -0.40 in the particulate phase and raw 
stormwater, respectively. These findings were in accordance with the fact that Ant, BaA, and 
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BaP degrade photochemically at much higher rates than other parent PAHs (Yunker et al., 
2002 and the reference therein).  
 
Moreover, compared to rainwater, the monthly profiles of stormwater exhibit temporal 
variation less markedly (Figure 6.4). The composition of PAHs in bulk stormwater was 
relatively constant, with exception of PAHs composition in February and March 2006. A 
relatively constant PAHs composition during the sampling period might be due to the 
interference of various parameters, such as variability of rainy events, sources and wash off 
mechanisms. However the most influential parameter was the presence of organic film on 
impervious surface in urban areas (Law and Diamond, 1998; Diamond et al., 2000a, b).  
 
The organic film was hypothesized to be formed by (i) direct deposition of particulate and 
gas-phase emissions and (ii) deposition of secondary products from emissions. The deposited 
organics then condense and form a layer, which would develop into an organic film. The 
organic film was formed by partitioning of gas-phase hydrophobic compounds in the air into 
the film. Particles with organic coating, such as PAHs, would accumulate on the organic film 
and thus cause a delay in the wash off of PAHs in the watershed. Similarly, particles from 
lubricating oil and tire abrasion may undergo wash off delay and thus PAHs profiles from 
these sources have insignificant temporal variation. 
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6.4. Source apportionment 
In this section, investigation of the possible sources of PAHs in the stomrwater samples is 
carried out in the same manner with those for rainwater samples, utilizing Pearson correlation 
matrix and diagnostic ratios. In addition, source identification using the composition of PAHs 
is applied (PAHs profile and LMW/HMW relative proportion) to corroborate the 
interpretation.  
6.4.1. Pearson correlation matrix 
Pearson correlation matrix is employed to distinguish compounds that come from a singular 
source in the stormwater (Table 6.4). A correlation coefficient that is higher than 0.7 denotes 
similarity of sources between the PAHs compounds. In dissolved phase, only a few 
compounds were identified to originate from the same sources. Among these compounds, 
only compounds with MW 202 had strong correlations between the isomers, Flt and Pyr (r = 
0.96, confidence level of 95%).  
 
On the other hand, in the particulate phase, almost all the HMW compounds had strong 
correlations between the isomers, with the exception of Flt and Pyr. The isomers that showed 
good correlations in the particulate phase were isomers of MW 178 (PA and Ant, r = 0.77), 
MW 228 (BaA and Cyr, r = 0.98) and MW 276 (IND and BghiP, r = 0.86). Correspondingly, 
the ratio of Ant/Ant + PA in the dissolved phase and the ratios of Flt/Flt + Pyr, BaA/BaA + 
Cyr and IND/IND + BghiP in the particulate phase would provide reliable interpretations of 
PAHs sources in the stormwater. This part will be discussed in the next section. 
Chapter 6  





































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 6  
– PAHs Occurrence & Distribution in Stormwater -  
 
118 
6.4.2. Diagnostic ratio of PAHs isomers 
The PAHs isomers that will be used in this section are isomers of MW 178 (Ant/Ant + PA), 
MW 202 (Flt/Flt + Pyr), MW  228 (BaA/BaA + Cyr) and MW 276 (IND/IND + BghiP). The 
summary of the isomers ratio is presented in Table 6.5.  
 
The Flt/Flt + Pyr ratio of the bulk stormwater was 0.44 ± 0.24. This value is in accordance 
with the values related to traffic activities, which includes the values reported in a study done 
in a traffic tunnel influenced mainly by light duty gasoline vehicles (0.45 ± 0.03) and by duty 
diesel trucks and gasoline vehicles (0.42 ±  0.01) as well as in a general roadway tunnel (0.43) 
(Miguel et al., 1998; Marr et al., 1999, Benner et al., 1989; Fraser et al., 1998). Moreover, the 
ratios were in agreement with ratios of MW 202 in combustion of gasoline (0.44) (Li and 
Kamens, 1993; Rogge et al., 1993b) and in road dust (0.42) (Wakeham et al., 1980; Rogge et 
al., 1993a). 
 
Similarly, the average BaA/BaA + Cyr ratio in the bulk stormwater (0.43 ± 0.13) also 
corresponded with the values reported for traffic related activities: ambient air in a tunnel 
influenced mainly by light duty gasoline vehicles (BaA/BaA + Cyr = 0.46 ± 0.06) (Miguel et 
al., 1998; Marr et al., 1999) and asphalt (0.50) (Wakeham et al., 1980; Readman et al., 1987).  
However, the BaA/BaA + Cyr ratio in the stormwater was also in agreement with several 
markers of biomass combustion, such as wood soot (0.43-0.49), combustion of wood (0.46 ± 
0.06), and combustion of grasses (0.46 ± 0.02) (Freeman and Cattell, 1990; Jenkins et al., 
1996; Oanh et al., 1999; Schauer et al., 2001; Fine et al., 2001). Thus, to clarify the 
interpretation of PAHs sources, the isomers ratio of MW 276 (IND/IND + BghiP) was applied.  
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The IND/IND + BghiP ratios (0.45 ± 0.18) signified the presence of petrogenic and pyrogenic 
sources. The petrogenic sources are kerosene (0.48), apshalt (0.52-0.54) and diesel oil (0.40 ± 
0.18) (Wakeham et al., 1980; Readman et al., 1987; Westerholm and Li, 1994; Wang et al., 
Schauer et al., 1999; Westerholm et al., 2001; Rogge et al., 1993; Westerholm et al., 1991), 
whereas the pyrogenic sources are combustion of crude oil (0.47 ± 0.01) (Benner et al., 1990) 
and bituminous coal (0.48) (Oros and Simoneit, 2000; Lee et al., 1977). In addition, IND/IND 
+ BghiP ratios were in accordance with the values reported for road dust (0.51) (Wakeham et 
al., 1980; Rogge et al., 1993a) and for urban air, including SRM 1648 and 1649 (0.40 ± 0.11) 
(Wise et al., 1988; NIST SRM 1649a certificate of analysis; Fraser et al., 1998; Simcik et al., 
1979). Thus, the IND/IND + BghiP ratios corroborated the dominance of traffic related 
activities as the PAHs source in the stormwater.  
 
This finding is depicted in Fig 6.5, where most of samples were in the range of petroleum 
combustion, while a few samples were in the range of biomass combustion (grass, wood and 
coal combustion). The marker of biomass combustion might be contributed from samples in 
February and March 2006. In these months, the prevailing winds blew mainly from the SW 
direction, where the episodes of forest fires occurred in South Sumatra. As a result, sporadic 
occurrences of smoke haze were observed in Singapore on several occasions. The smoke haze, 
which might be contaminated by PAHs emitted from uncontrolled forest fires, could influence 
the air quality of Singapore (ambient aerosol particles) and thus the stornwater quality 
through wet and dry deposition mechanisms. This can be seen from Fig 6.4, which depicts the 
monthly profiles of PAHs in the stormwater. As mentioned earlier, the profile of PAHs in 
months of February and March 2006 were different from those in the previous months. 
Accordingly, the isomers ratios of PAHs in the months of February and March 2006 would be 
different compared to those in the previous months.  
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Figure 6.5. PAHs cross plots for the ratios of IND/IND+BghiP  and BaA/BaA+Cyr in the  
stormwater (dissolved and particulate phase); the majority of the samples are within the range of 
petroleum combustion, while some samples were in the range of biomass combustion (grass, 



























Figure 6.6. The patterns of PAHs isomer ratios observed in October 2005 to January 2006 
stormwater are different from those in February and March 2006 samples. The patterns 
observed in February and March 2006 samples resemble those of biomass combustion (wood soot, 
wood and grasses) 
 
  
Chapter 6  




An attempt to correlate the isomers ratios observed in February and March 2006 samples with 
markers of biomass combustion was made, and the resultrs are shown in Fig 6.6. The isomers 
ratios of PAHs in February and March 2006 samples resembled those from the combustion of 
biomass (Fig 6.6). Therefore, the biomass combustion in Sumatra, which was likely to have 
led to forest fire episodes in the region, was the dominant source of PAHs in February and 
March 2006 samples. These PAHs might be transported by soot particles, which could protect 
the PAHs from the degradation over long distances (Yunker et al., 2002 and references 
therein).  
 
Soot particles are formed in the vapour phase and have a small mean particle size. Thus they 
are rapidly dispersed in the ambient air leading to efficient atmospheric transport and 
deposition (Yunker et al., 2002). These soot particles tend to protect PAHs against 
photochemical degradation due to encapsulation of the PAHs in the particles and by their dark 
coloured surface. The dark coloured of surface is reported to reduce the photodegradation 
rates (Behymer and Hites, 1988). However, their contribution to PAHs in stormwater was still 
lower than PAHs contributed from traffic emissions (October 2005 to January 2006) (Fig 6.3). 
Thus, traffic related activities were mainly responsible to the contamination of PAHs in the 
stormwater.  
 
On the other hand, the pattern of isomer ratios in samples collected from October 2005 to 
January 2006 did not match any of the patterns of signature ratios reported in the literature. 
Thus, PAHs composition (PAHs profile and relative proportion of LMW/HMW) will be used 
in the next section to confirm the interpretation of PAHs sources in samples collected from 
October 2005 to January 2006.  
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6.4.3. PAHs composition 
 
In this section, the composition of PAHs in this study is assessed by two approaches: profiles 
of individual PAHs and LMW/HMW relative proportions.  
 
6.4.3.1. PAHs profiles 
 
An attempt to compare PAHs profiles in the dissolved and particulate phases of stormwater 
was made to identify the likely sources of PAHs measured in stormwater samples collected 
from October 2005 to January 2006. PAHs profiles from the literature can be seen in 
Appendix C. The PAHs profiles in Singapore ambient aerosol were estimated from 
Karthikeyan et al. (2006). PAHs in the dissolved phase of stormwater was marked by Nap 
domination (32%) followed by DBA (20%), Ace (10%) and IND (10%), whereas PAHs in the 
particulate phase was marked by prevalence of BaA (25%), Ant (19%), BghiP (11%), and 
IND (10%).  
 
Considerable amounts of Nap and Ace in the dissolved phase were likely due to their high 
vapour pressure and water solubility (Mackay et al., 1992). In addition, Nap could have 
originated from the dissolved phase of rainwater, which was also marked by the Nap 
abundance (29%) (Fig 6.7). This is corroborated by the similarities found between the PAHs 
profiles in the ambient aerosol and the dissolved phase of rainwater with those in the 
dissolved phase of stormwater (r = 0.73 and 0.72, respectively, confidence level of 95%). This 
implies a significant contribution of PAHs from dry and wet deposition to the dissolved phase 
of stormwater. The significant contribution from dry and wet deposition mechanisms to 
surface water was also reported in Lake Maggiore in Italy (Olivella, 2005) and Northern 
Greece (Manoli et al., 2000). 
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An earlier study at a Singapore bus terminal indicated that the particulate matter emitted by 
buses was mainly contaminated by BghiP and IND (Zern, 2004). In addition, BghiP and IND 
were suggested as main compounds emitted from traffic sources (Daisey et al., 1986), and 
particularly from diesel-trucks and buses (Hangebrauck et al., 1967; De Fré et al., 1994). Thus, 
the abundance of BghiP and IND could originate from diesel buss\es and heavy-duty trucks 
traveling frequently along the expressway. This is supported by the abundance of Ant, which 
is commonly generated together with PA from petrol and diesel fuel (EHC 202, 1998).  
 
The contribution of vehicular emission was further confirmed by a resemblance between 
PAHs profiles in the particulate phase of stormwater and those in Tokyo road dust (r = 0.61; 
Petch et al., 2003) (Fig 6.7). In addition, a similarity of PAHs profiles was found between 
those in the Singapore ambient aerosol and those in the dissolved phase of rainwater (r = 0.64, 
confidence level 95%) even though the sampling period of between the two studies was 
different. This implies that the washout coefficient of rainwater in Singapore is quite constant. 
6.4.3.2. LMW-HMW relative proportions 
From Figure 6.8, it can be seen that the proportion of LMW and HMW compounds in 
dissolved and particulate phases were almost equal (LMW/HMW = 0.90 and 0.85, 
respectively). The domination of HMW, marked by LMW/HMW < 1, is believed as a marker 
of combustion activities, while domination of LMW, marked by LMW/HMW > 1 is a marker 
of petrogenic sources (Soclo et al., 2000; Rocher et al., 2004) and pyrolytic processes under 
low temperature (Schneider et al., 2001; Mai et al., 2002). Therefore, the values of 
LMW/HMW in stormwater imply contributions from both pyrogenic and petrogenic sources 
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Figure 6.8. Proportion of LMW and HMW compounds in the stormwater in comparison to the 
data reported in literature 
 
 
The ratio of LMW and HMW in the rainwater was similar to those reported for ambient 
aerosols in Singapore (LMW/HMW = 0.87) (Karthikeyan et al., 2006), for snow melt from 
asphalt and concrete pavement (0.87 and 0.92, respectively) (Lygren et al., 1984) and for 
Tokyo road dust, which is influenced by diesel vehicle exhaust (1.0) (Petch et al., 2003) (Fig 
6.7 and Appendix C). These findings corroborate source interpretation from PAHs profiles, 
which indicated significant contribution from dry deposition and vehicular exhaust (Part 
6.4.2).  
 
To summarize, LMW/HMW relative proportions elucidate the sources that are responsible for 
mixed fingerprints in the stormwater samples collected from October 2005 to January 2006. 
The possible sources of PAHs in stormwater samples characterized in this study were dry and 
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The occurrence of PAHs in the stormwater was dominated by HMW compounds (i.e. BaA, 
Ant, BghiP and IND). The level of PAHs in the particulate phase was higher than those in the 
dissolved phase (PAHs in dissolved/particulate phase = 0.14) due to the high affinity of PAHs 
towards the particulate matter. Correspondingly, the level of PAHs in the particulate phase 
was higher than those in the dissolved phase and those permitted by EEC in the untreated 
waters. However, the value was still within the range of values reported in the literature.  
 
Compared to PAHs levels in the rainwater, there was a significant increase of PAHs 
contamination in the stormwater, particularly the HMW compounds. The increased 
concentration was mainly derived from traffic related activities (i.e. oil spill, apshalt, vehicles 
exhaust) during the months of October 2005 to January 2006, while in the months of  
February and March 2006, the marker of biomass combustion was observed.  
 
The biomass combustion was likely to originate from forest fire episodes in Sumatra. The 
long-range transport of PAHs was possible due to the prevailing wind direction during the 
respective months and due to the physical characteristics of soot particles that enable 
protection of PAHs against atmospheric degradation and favour transportation in the 
atmosphere. Other than wind direction, the significant meteorological parameter that mostly 
influenced PAHs level in the atmosphere was precipitation intensity.  
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An extensive study on the occurrence and distribution of PAHs in Singapore’s rainwater and 
stromwater have been conducted during the period of May 2005 to March 2006 and October 
2005 to April 2006, respectively. The measurement of PAHs in both dissolved and particulate 
phases of aquatic samples is a challening task as they are present in trace levels along with 
several types of other contaminants. The first part of the thesis dealt with the development, 
optimization, and validation of an extraction method for the selective removal and enrichment 
of PAHs from the aqueous phase prior to chemical analysis using GC-MS. The following are 
the major conclusions drawn from the method development work. 
 
• The SPME developed in this study is effective and efficient in terms of extracting 16 
EPA’s priority PAHs from rainwater and stormwater matrices.  
 
• Coupled with GC-MS, this SPME method provides good recovery and satisfactory 
reproducibility of the concentration data obtained.  
 
• The carry-over effect (incomplete desorption of PAHs from the fibre) can be 
eliminated with appropriate sample handling and cleaning protocols. 
 
• The SPME method gives low detection limits in conjunction with a high enrichment 
factor for all the 16 PAHs.   
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• A comparable extraction recovery is obtained from both filtered rainwater and 
stormwater samples, suggesting that after filtration, rainwater and stormwater 
matrices become similar and do not affect the extraction recovery significantly. 
 
• Overall, the optimized and validated SPME method is simple, reliable, sensitive, and 
sensitive. Therefore, it can be used for routine monitoring of PAHs in rainwater and 
stormwater samples.  
 
The second part of the thesis work focused on assessing the contamination of rainwater and 
stormwater in Singapore, caused by PAHs, identifying the major factors that affect their 
distributions, and  also the likely sources of PAHs found in rainwater/stormwater using a 
number of approaches. The major conclusions drawn from this part of the thesis are 
summarized below. 
 
• Concentration and wet deposition fluxes of PAHs measured in Singapore rainwater 
from July 2005 to January 2006 are dominated by LMW compounds (e.g Nap, Acy, 
PA and Ace). 
 
• The ΣPAHs carcinogen in dissolved phase is slightly lower than those in particulate 
phase, suggesting that the particulate phase of the rainwater is probably more toxic 
than the dissolved phase.  
 
• PAHs concentrations in the Singapore rainwater are within the range of values 
reported in the literature.  
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•  The highest wet deposition flux of PAHs measured in this study coincided with the 
onset of the rain season in October 2005. This observation is likely due to the wash 
out effect of the already accumulated PAHs in the atmosphere during the dry season  
 
• Singapore tropical climate influence the level of PAHs in the rainwater; the 
meteorological parameters that have major role are wind direction and high ambient 
temperature and solar radiation 
 
• Investigations of PAHs sources indicate that diesel combustion is the main source of 
PAHs in the rainwater, which might originates from traffic emissions. Thus emission 
control from vehicular exhaust can improve urban air and water quality in Singapore. 
 
• Evaluation of 55 stormwater samples collected during the study shows that the PAHs 
in the stormwater are dominated by HMW compounds (i.e BaA, Ant, BghiP and 
IND).  
 
• The concentration and distribution of PAHs in the stormwater are more influenced by 
the presence of particulate matter and the mobilization dynamic of stormwater; both 
induce higher concentration of PAHs in the particulate phase than in the dissolved 
phase. 
 
• The sum of six potential carcinogenic compounds suggests that the particulate phase 
of the stormwater is more contaminated than the dissolved phase. Moreover, it 
exceeds the threshold limit for raw water. Hence, future stormwater treatment for 
drinking water purpose should focus on the removal of particulate phase. 
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• The concentrations of PAHs found in the stormwater are generally higher than those 
in the rainwater, which indicates significant contribution of PAHs from road runoff to 
the stormwater. 
 
• The temporal pattern of the stormwater coincides with precipitation/rainfall amounts, , 
signifying the influence of the rainfall intensity on PAHs levels in the stormwater.  
 
• The comparison of PAHs signature in rainwater and stormwater indicates that wet 
deposition could act as a significant source of PAHs contamination in stormwater. In 
the absence of the regional smoke haze, traffic related activities are the main 
contributor to the PAHs measured in the stormwater. 
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8  R e c o m m e n d a t i o n  f o r  F u r t h e r   
 





The level of PAHs in Singapore rainwater and stormwater was found to exceed the threshold 
limit set by European Community standard (80/778/EEC) for drinking water (200 ng/l) and 
for untreated waters (1000 ng/l). Furthermore, PAHs persistence and hidrophobicity enable 
their bioaccumulation in the biota. This calls for effective PAHs removal from both rainwater 
and stormwater prior their use as drinking water. There are many mechanisms that can be 
applied to remove or treat PAHs in the water samples. To name a few are photochemical 
modification, non-photochemical degradation, chemical modification and biodegradation. 
However, not all technologies are feasible for removing PAHs from high volumetric water 
samples, such as rainwater or stormwater. The technology applied should be economical, time 
efficient but yet effective regardless the complexity of the sample matrix. Thus, the selected 
technology must be carefully evaluated and examined prior their application in the field.  
 
Among all of the technologies, fly ash might be the answer for removing PAHs from the 
rainwater and stormwater. Fly ash is produced from the combustion of liquid or solid material 
and consists of inorganic substances along with the organic substances. It is economical and 
can be produced in high quantity. Significant oxidative degradation has been demonstrated in 
the absence of light from PAHs adsorbed onto fly ash (Korfmache et al., 1979, 1980). This 
spontaneous oxidative degradation are influenced by several parameters, such as sources of 
ash, presence of transitional metals, exposure time to light and type of PAHs compounds.  
However, their application to real rainwater and stormwater samples has never been studied. 
Thus, a complete study should be dedicated in evaluating the efficiency of PAHs removal by 
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Comparison of PAHs profile in the rainwater and Stormwater with 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































- LMW/HMW relative proportion -  
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Table C.1. Composition of LMW and HMW PAH in the dissolved and particulate phase 




LMW HMW LMW HMW
LMW/HMW Reference 
Environmental Matrices               
Singapore  (PM2.5) ng/m3 0.92 1.06 46% 54% 0.87 
Kartikeyan et al., 
2006 
Singapore,  NUS ng/m3 0.24 2.2 10% 90% 0.11 Sern, 2004 
Air Particulate Singapore bus terminal ng/m3 0.05 4.1 1% 99% 0.01 Sern, 2004 
Singapore rainwater, 
dissolved ng/l 1,902 506 79% 21% 3.8 This Study 
Singapore rainwater, 
particulate ug/g 960 886 52% 48% 1.1 This Study 
Poland Urband Area 
rainwater ng/l 1,017 916 53% 47% 1.11 
Grynkiewicz et al., 
2001 
New England, Nahant % 41 41 50% 50% 1.05 Golomb et al., 2001 
New England, Wolf 
Neck % 53 35 60% 40% 1.49 Golomb et al., 2002 
Portland rainwater ng/l 143 52 73% 27% 2.76 Ligocki et al., 1985a 
Portland, dissolved 
phase ng/l 8.5 27.2 24% 76% 0.31 Ligocki et al., 1985b 
Isle Royale 
precipitation ng/l 3.1 4.6 40% 60% 0.67 
McVeety and Hites, 
1988 
Germany, Levsen 
precipitation ng/l 149 329 31% 69% 0.45 Levsen et al., 1991 
Snow from highway ng/l 42,433 21,369 67% 33% 1.99 Berglind, 1982 
Lake from Highway ng/l 1,983 7,093 22% 78% 0.28 Gjessing et al., 1984 
Snow from concrete 
pavement ng/l 4,900 5,648 46% 54% 0.87 Lygren et al., 1984 
Wet Deposition 
Snow from asphalt 
pavement ng/l 8,270 8,987 48% 52% 0.92 Lygren et al., 1984 
New England, Nahant % 30 52 37% 63% 0.58 Golomb et al., 2001 
Dry Deposition 
New England, Wolf 
Neck % 18 65 22% 78% 0.28 Golomb et al., 2002 
Bulk 
Precipitation Finland ng/l 17.6 27.8 39% 61% 0.63 
Berg and Hjell-
brekke, 1988 
Poland Urban area ng/l 1,017 916 53% 47% 1.11 
Grynkiewicz et al., 
2001 
Austin, Shoal Creek ug/kg 2,630 20,553 11% 89% 0.13 Metre et al., 2003 
Norwegia, Highway 
runoff ng/l 1,879 2,912 39% 61% 0.65 Berglind, 1982 
Singapore, Dissolved 
phase ng/l 537 606 47% 53% 0.90 This Study 
Stormwater 
Singapore, Particulate 
phase ng/l 1,413 1,658 46% 54% 0.85 This Study 
Austin, MoPac roadside  ug/kg 275 1425 16% 84% 0.19 Metre et al., 2003 Road Dust 
Tire % 7% 92% 7% 93% 0.08 Petch et al., 2003 
Appendix B 




LMW HMW LMW HMW
LMW/HMW Reference 
% 30% 70% 30% 70% 0.43 Petch et al., 2003 
Diesel Vehicle exhaust % 50% 50% 50% 50% 1 Petch et al., 2003 
% 30% 70% 30% 70% 0.43 Petch et al., 2003 Gasoline vehicle 
exhaust % 11% 89% 11% 89% 0.12 Petch et al., 2003 
Asphalt-pavement or 
Bitumen % 19% 81% 19% 81% 0.23 Petch et al., 2003 
% 19% 80% 19% 81% 0.24 Petch et al., 2003 Combustion products 
except for those in 
vehicle engines % 14% 85% 14% 86% 0.16 Petch et al., 2003 
Source 
Material             
Used Crankcase Oil % 55 46 54% 46% 1.2 Brown et al., 2005 
Urban Dust-SRM 1649a % 13 94 12% 88% 0.14 Brown et al., 2005 
Asphalt % 35 67 34% 66% 0.52 Brown et al., 2005 
Street Dust % 18 84 18% 82% 0.21 Brown et al., 2005 
Sump Sediment % 27 75 26% 74% 0.36 Brown et al., 2005 
Tanker Effluent % 17 89 16% 84% 0.19 Brown et al., 2005 
Crankcase Oil % 62 38 62% 38% 1.63 Ngabe et al., 2000 
Fuel Oil % 96 4 96% 4% 24 Ngabe et al., 2000 
Urban Dust SRM 1649 % 20 80 20% 80% 0.25 Ngabe et al., 2000 
Incinerator, Linkoping ug/kg 2,475 1,114 69% 31% 2.22 Johansson et al., 2003 
Incinerator, Gothenburg ug/kg 625 368 63% 37% 1.7 Johansson et al., 2003 
Incinerator, Stockholm ug/kg 457 200 70% 30% 2.29 Johansson et al., 2003 
Incinerator, Malmo ug/kg 289 190 60% 40% 1.52 Johansson et al., 2003 
Peat Fires ng/m3 303 431 41% 59% 0.7 Wei et al., 2006 
Incinerator, Gaseous ng/g 1,254 7 99% 1% 176 Lee et al., 2002 
Incinerator, Particulate ng/g 5 14 28% 72% 0.38 Lee et al., 2003 
Total ng/g 1,260 21 98% 2% 59 Lee et al., 2004 
Gaseous ng/g 555 10 98% 2% 55 Lee et al., 2005 
Particulate ng/g 3 13 19% 81% 0.23 Lee et al., 2006 
Incinerators 
Total ng/g 559 23 96% 4% 24 Lee et al., 2007 
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Table C.1. Regulation on PAHs 
 
Agency Description Information Reference 





EPA Limits for exclusion of waste-







40 CFR 266, 
App. VII 
EPA, Land disposal 
treatment concentration 















































EPA, water programs 
Maximum contaminant levels 
for organic contaminants (BaP) 200 ng/l 
40 CFR 
141.61 
EPA, Final rule: Water 
Quality standards; 




Human health (10-6 risk for 
carcinogens); for consumption 
of (ng/l): 
Ant 





























EPA, toxic pollutant 
standards for point 
sources that don not use 
end of pipe biological 
treatment 
















EPA, toxic pollutant 
standards for indirect 
discharge point sources 
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414.111 
EPA OWRS Ambient water quality criteria 
for protection of human health 











EPA OW Drinking water standards and 
health advisories 
 









EPA RID (Oral) 
Ant 
Ace 
Flt 
Flu 
Pyr 
 
300 µg/kg/day 
60 µg/kg/day 
40 µg/kg/day 
40 µg/kg/day 
30 µg/kg/day 
IRIS, 1994 
 
